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SECTION  I 


INTRODUCTION 


Efficient  high-power  lasers  in  the  UV,  visible,  and  IR  are  needed  for 
a  wide  spectrum  of  Air  Force  applications.  The  type  of  laser  having  the 
greatest  potential  for  development  in  these  areas  is  the  pulsed  gas  laser 
operating  at  medium  to  high  pressure  (50  Torr  to  several  atmospheres) . 
High-pressure  operation  results  in  high-peak-power  output  and  large  pressure- 
broadened  linewidths  (tunability) .  High  average  power  is  achievable  by 
increasing  the  pulse  repetition  rate:  this,  however,  requires  a  fast  gas 
flow  which  increases  the  complexity  of  the  laser  system  considerably.  In 
addition  to  satisfying  high- average-power  requirements,  a  practical  fast- 
flow  high-pressure  gas  laser  must  be  capable  of  economical  and  reliable 
operation  for  long  periods  of  time  (at  least  hours) .  This  demands  the 
closed-cycle  mode  of  operation. 

This  report  describes  the  results  of  (1)  studies  to  improve  the  per¬ 
formance,  reliability,  and  lifetime  of  closed-cycle  lasers  and  (2)  an 
investigation  of  improved  methods  of  photoionization  in  UV-preionized 
discharges.  The  following  aspects  of  closed-cycle  lasers  were  studied: 

(1)  performance  with  Xe-buffer  gas  mixtures  and  with  CC^-laser  gas  mix¬ 
tures,  (2)  aerodynamics  of  recirculating-flow  systems,  (3)  electrical 
pulse  excitation  and  power  conditioning,  and  (4)  operation  with  corrosive 
gases . 

The  status  of  closed-cycle  laser  technology  is  discussed  in 
Section  II.  The  current  state  of  development  of  cw  CC^,  pulsed  CC^, 
pulsed  Xe,  and  pulsed  rare-gas-halide  closed-cycle  lasers  is  described. 
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Studies  carried  out  on  a  high-repetition-rate,  closed-cycle,  fast- 
flow,  transversely  excited  laser, ^  developed  under  AF  Contract  F33615- 
73-C-4130,  are  described  in  Section  Ill.  Details  of  the  design  and  per¬ 
formance  of  a  compact  closed-cycle  laser  utilizing  a  novel  recirculating- 
flow  configuration  (annular  flow  return)  are  given  in  Section  IV.  Both  of 
these  laser  systems  permitted  investigation  of  laser  media  excited  by  short 
(100  ns),  fast-rising  (30-ns)  high-voltage  (10-20  kV)  pulses  under  condi¬ 
tions  of  high  pressure,  recirculating  flow,  and  low-background- impurity 
level.  The  systems  exhibited  long  laser-gas-fill  lifetime  as  a  result 
of  the  ultrahigh-vacuum  materials  and  techniques  used  in  their  construc¬ 
tion. 

Section  V  is  a  discussion  of  closed-cycle  XeCl  laser  operation  employ¬ 
ing  the  recirculating  loop  used  for  the  studies  of  Section  III.  Measure¬ 
ments  of  the  UV  emission  and  absorption  of  various  types  of  gas  discharges 
are  presented  in  Section  VI.  Section  VII  contains  a  discussion  of  metal- 
halide  photoexcitation  and  measurements  of  HgB^  photoabsorption  cross 
sections . 
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SECTION  II 


STATUS  OF  CLOSED-CYCLE  LASER  TECHNOLOGY 


Since  the  inception  of  the  gas-dynamic  laser  in  1963,  gas  flows  have 
been  used  with  great  success  for  the  convective  mixing  and  cooling  of  laser 
media  and  for  the  production  of  population  inversions  during  rapid  gas  expan¬ 
sion.  The  outstanding  feature  of  the  convectively  cooled  laser  is  •'he 
proportionality  of  average  laser  output  power  to  mass  flow  rate.  The 
average  output  of  lasers  employing  static  or  slowly  flowing  gas  is  propor¬ 
tional  to  length  and  is  limited  by  diffusion  cooling  to  the  walls.  As  pointed 
3 

out  by  Wilson,  the  maximum  average  power  density  obtainable  from  a  laser  is 
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where  n  =  laser  efficiency,  N  =  gas  density,  E  =  waste  energy,  and  t  =  waste 
energy  removal  time.  The  power  ratio  in  the  convection  and  diffusion  cases 
is 

Pconv  _  Tdiff  =  **  VF  . 

Pdiff  Tconv  X  VT 


where  d  =  width  of  laser  interaction  region,  X  *=  mean  free  path,  vF  *  flow 
velocity,  and  vT  =  thermal  velocity.  For  room  temperature  COj  at  a  pressure 
of  20  Torr,  d  -  1  cm  and  vF  -  30  m/sec,  the  ratio  is  approximately  500.  The 
maximum  average  laser  power  obtainable  from  a  convectively  cooled  laser  is 
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specific  heat  of  gas,  and  AT  =  temperature  rise 


where  m  =  mass  flow  rate,  c^  * 
of  gas. 

The  development  of  compact  high-average-power  gas  lasers  has  been  based 
on  the  use  of  fast-flow  high-pressure  laser  media.  The  large  mass  flow  rates 
required  to  achieve  high  repetition  rates  in  pulsed  lasers  or  medium- to-high 
average  power  in  cw  or  pulsed  lasers  mandate  closed-cycle  operation.  Recir¬ 
culation  of  the  laser  medium  avoids  the  considerable  gas-handling  facilities 
required  to  supply  and  exhaust  large  quantities  of  gas.  It  also  significantly 
improves  the  economics  of  operation.  This  is  particularly  true  of  Isotopic 
gases  for  which  convective  cooling  is  economically  feasible  only  in  the  closed- 
cycle  mode  of  operation.  In  the  case  of  toxic  and/or  corrosive  laser  media, 
safety  requirements  are  met  much  more  easily  with  closed-  than  with  open-cycle 
operation. 

This  review  covers  four  types  of  closed-cycle  lasers:  1)  cw  CC>2, 

2)  pulsed  CC>2,  3)  pulsed  Xe,  and  4)  pulsed  rare-gas  halides.  The  pulsed 
lasers  utilize  line-type  pulsers  which  generate  pulses  on  the  order  of 
100  ns  or  less.  The  class  of  C02  lasers  having  long  pulses  on  the  order  of 
microseconds  and  exemplified  by  the  e-beam  sustainer  discharge  is  not 
covered  here.  The  long-pulse  C02  lasers  have  two  to  three  times  the  energy 
loading  of  the  short-pulse  C02  lasers;  closed-cycle  operation  of  these 
lasers  has  not  been  reported  in  the  literature. 

Examples  of  various  configurations  which  have  been  employed  for 
closed-cycle  lasers  are  found  in  Refs.  1,  4,  and  5.  In  the  master 

4 

oscillator-power  amplifier  configuration  of  Hill's  electro  aerodynamic 
cw  CC>2  laser,  the  TEMqo  mode  beam  from  a  200-W  oscillator  made  17  passes 
through  the  gain  medium.  Roots  blowers  were  used  to  circulate  gas  through 
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3 

the  5.6  x  76  *  100  cm  discharge  channel  at  flow  rates  up  to  21,000  CFM. 
Turbulence  introduced  into  the  flow  upstream  of  the  anode  promoted  the 
formation  of  a  large-volume,  uniform-glow  discharge.  The  discharge  was 
established,  in  line  with  the  flow,  between  an  individually  ballasted 
multi-pin  anode  and  a  wire-array  cathode. 

The  closed-cycle  rare-gas  electric-discharge  laser  of  Ref.  1  was  used 
in  the  study  of  He-Xe  and  Ar-Xe  lasers.  In  order  to  establish  and  maintain 
a  high-purity  laser  medium,  this  system  was  constructed  entirely  from  ultra- 
high-vacuum  components,  including  a  vaneaxial  fan  externally  driven  through 
a  ferrofluidic  rotary  vacuum  seal,  and  research-grade  gases  were  used. 
Transverse  double-discharge  excitation  using  Rogowski  electrodes  and  pre¬ 
ionization  wires  at  the  electrode  midplane  was  employed.  A  high-repetition- 
rate  pulser  drove  the  laser  discharge  via  a  thyratron-switched,  low- 
inductance  energy-storage  capacitor  charged  through  a  tetrode  pulse 
modulator.  A  7-ft-long  flow  loop  (6-in.  diam)  with  a  circuit  length 
of  16  ft  was  used. 

In  Fahlen's5  closed-cycle  KrF  laser,  a  vaneaxial  fan  was  used  to  cir¬ 
culate  the  gas  through  two  rail  electrodes  (2-cm  gap  x  70  cm  long)  at  up 
to  100  m/s.  The  transverse  discharge  was  excited  by  a  thyratron-switched 
LC  inversion  generator  utilizing  storage  capacitors  comprised  of  parallel 
arrays  of  coaxial  cables.  Corona  from  a  dielectric-covered  wire  adjacent 
to  the  cathode  provided  preionization  concurrent  with  the  discharge  pulse. 

The  system  was  about  6  ft  long. 

An  overview  of  the  closed-cycle  cw  CO2  lasers  which  have  been  reported 
in  the  literature  is  given  in  Table  ]  .  The  lasers  are  listed  chronologically, 
beginning  with  the  first  fast-flow  closed-cycle  laser  reported  by  Tiffany, 
et  al. in  1969.  All  of  these  lasers  utilized  discharges  transverse  to 
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4  7 

the  flow,  except  those  of  Hill  and  Brown  and  Davis  which  used  in-line 
discharges  and  MOPA  configurations.  Hill's  data  are  atypical  for  that 
particular  laser,  and  data  which  are  more  representative  for  the  same  laser 

g 

have  been  obtained  recently  by  Rabe.  A  rich  variety  of  technology  has 

been  applied  in  achieving  the  results  of  Table  1.  Tiffany,  <jt  al . ,  6  used 

a  rod  to  multi-strip  anode  discharge  in  a  vaneaxial-fan-driven  recircu- 

9 

lating  flow.  Seguin  and  Sedgwick  used  a  modified  centrifugal  compressor 
from  an  aircraft  supercharger  to  provide  gas  flow  and  a  discharge  with 
individually  ballasted  multiple  hollow  cathodes  and  a  multi-pin  anode.  Brown 

and  Davis7  utilized  an  individually  ballasted  multi-pin  cathode,  cylindrical 
anodes  at  top  and  bottom  of  the  flow  channel,  an  auxiliary  rf  discharge  per¬ 
pendicular  to  the  dc  discharge,  and  individually  adjustable  f low-conditioning 

vanes^0  upstream  of  the  cathode.  Hoag,  et  al.,1^  used  an  e-beam  sustainer- 

12 

type  discharge.  Lancashire,  et^  al . ,  in  order  to  avoid  the  use  of  makeup 

gas,  constructed  their  system  from  high-vacuum  components,  including  a 

centrifugal  blower  (6-ft.-diam.  impeller)  externally  driven  through  a  ferro- 

fluidic  seal.  They  used  a  pin-to-plane  discharge  having  an  individually  bal- 

13 

lasted  multi-pin  cathode,  Seguin,  et  al.,  used  a  flow  system  similar  to 

14  15 

that  of  Sequin  and  Sedgwick  and  a  pulser-sustainer  *  type  of  discharge  with 
photopreionization  provided  by  a  UV  spark  array  situated  behind  a  trans¬ 
parent  anode. 

The  Brown  and  Davis  laser  exhibited  the  best  performance  of  the  lasers 
fisted  in  Table  1  with  27.2  kW  laser  output  at  17.2%  electrical-to-optical 
conversion  efficiency.  Even  more  significant  is  the  achievement  of  this 
power  after  a  continuous  run  of  1  hr,  during  which  the  output  power  was 
greater  than  20  kW  for  30  min. 


7 


9 


The  laser-output-power/mass-flow-rate  data  of  Table  1  are  plotted  in 
Fig.  1.  This  plot  does  show  (except  for  Lancashire's  data)  that  laser 
output  power  is  approximately  proportional  to  mass  flow  rate,  as  predicted 
by  Eq.  (3).  Lancashire’s  results  were  obtained  at  a  pressure  of  160  Torr,* 
the  other  data  were  obtained  at  pressures  in  the  10-50  Torr  range.  This 
indicates  that  .Lancashire  did  not  use  his  mass  flow  efficiently  and  should 
have  been  able  to  achieve  the  same  output  power  at  much  lower  pressure. 

The  inherent  limitation  to  the  output  power  density  of  any  gas  laser 

is  the  power-loading  level  at  which  the  glow-to-arc  transition  occurs. 

Examination  of  the  power-loading  data  for  the  lasers  in  Table  1  reveals 

that  the  input  power  density  is  inversely  proportional  to  the  gas  residence 

time  in  the  discharge  volume.  This  is  shown  in  Fig.  2  where  tr  is  the 

gas  residence  time.  It  is  assumed  that  each  laser  was  power  loaded  to  a 

maximum  level  beyond  which  arcing  occurred  (except  for  the  Seguin  and 

Sedgwick  laser  which  apparently  was  greatly  underloaded) .  These  data 

are  replotted  in  Fig.  3  where  they  are  compared  with  the  data  of  Wiegand 
16 

and  Nighan  who  studied  the  influence  of  gas  residence  time  and  turbulence 
upon  the  power  density  threshold  for  glow  collapse.  The  cross-hatched 
region  represents  the  data  Wiegand  and  Nighan  obtained  for  various  tur¬ 
bulence  generators  upstream  of  the  cathode  of  a  discharge  in  80-Torr 
C°2:N2:He  (0* 5 : 0*35: 0.6) .  Nighan  and  Wiegand' s  interpretation17  of  these 
findings  is  that  glow  collapse  occurs  at  a  power  density  where  the  growth 
time  of  a  vibrational  Instability  becomes  comparable  to  the  gas  residence 
time.  A  vibrational  instability  is  the  temporal  amplification  of  dis¬ 
turbances  in  vibrational  temperature  which  are  driven  by  the  large 
response  of  electron  density  to  the  initial  gas-density  disturbance. 
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Figure  1.  Closed-cycle  cw  C0„  laser  output  vs.  mass  flow  rate 
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The  instability  growth  times  (t  )  shown  in  Fig.  3  were  computed  by  Nighan 

and  Wiegand  for  a  pressure  of  20  Torr  and  a  gas  temperature  of  300°K  in 

a  recombination-dominated  plasma.  The  parameter  i  is  the  scale  size  of  a 

local  disturbance  in  the  plasma  properties.  The  correlation  of  instability 

growth  times  with  gas  residence  times  which  is  apparent  in  Fig.  3  suggests 

that  convective  flow  serves  to  remove  local  regions  of  instability  from  the 

discharge  volume  before  they  can  develop  into  arcs. 

The  next  category  of  closed-cycle  lasers  is  the  pulsed  C02  laser.  An 

overview  of  the  performance  data  reported  for  these  lasers  is  given  in 

Table  2,  where  once  again  the  listing  is  chronological.  All  of  the  authors 

utilized  transverse  discharges,  and  all  except  Beaulieu  employed  some  type 

18 

of  preionization i  Beaulieu  used  an  individually  ballasted  multi-pin 

19 

cathode  and  a  rod  anode;  Dumanchin,  et  al . ,  used  a  parallel-blade  cathode 

with  dielectric-covered  trigger  wires  between  blades  and  a  planar  anode; 

20 

Glanford,  et_  al. ,  used  Rogowski  electrodes  with  trigger-wire  preionization; 
21 

Dzakowic  and  Wutzke  used  Bruce-profiled  electrodes  with  corona  initiators 

22 

offset  to  either  side  for  preionization;  Tulip,  et^  al . ,  used  profiled 
electrodes  with  downstream  spark  gaps  to  provide  switching  and  UV  for  pre¬ 
ionization;  in  the  present  investigation  Rogowski  electrodes  with  trigger- 

23 

wire  preionization  were  used;  and  Laughman,  et  jil. ,  used  Rogowski  elec¬ 
trodes  with  downstream  spark  gaps  for  UV  preionization. 

In  contrast  to  the  cw  C02  lasers  of  Table  1,  the  pulsed  C02  lasers 

3 

1)  are  smaller — discharge  volumes  of  tens  to  hundreds  of  cm  vs  multiliter 
volumes,  2)  operate  at  much  higher  pressure — hundreds  of  Torr  vs  tens  of 
Torr,  3)  have  much  shorter  gas  residence  times — tenths  of  ms  vs  ms,  and 
4)  have  much  higher  power  loading — 50  -  140  W/cm  vs  2  -  14  W/cm  .  Although 
the  pulsed  lasers  generate  less  average  power,  they  provide  peak  powers  up 
to  the  milliwatt  level. 
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CLOSED-CYCLE  PULSED  CO„  LASERS 


The  results  of  Baughman,  al. ,  are  the  best  that  have  been  reported 
to  date.  Under  conditions  of  reduced  flow  (19  m/s)  and  reduced  power  loading 
(9.2  J  at  100  Hz),  they  achieved  an  average  laser  output  of  58  W  over  a 
period  of  7  hr  with  no  decrease  in  output  power.  This  excellent  performance 
can  be  attributed  in  part  to  the  construction  of  the  laser  from  vacuum- 
compatible  materials  and  the  use  of  a  relatively  contaminant-free  blower 
driven  externally  through  a  magnetic  coupling. 

Although  closed-cycle  operation  of  fast-flow  lasers  is  desirable,  there  is 
a  disadvantage  in  that  the  concentration  of  plasma-generated  species  can  build 
up  to  the  point  where  laser  gain  and  eventually  discharge  stability  are 
affected.  In  the  case  of  the  C02  laser,  electron-impact  dissociation  of  CC>2 
produces  large  amounts  of  CO  and  02: 

e  +  C02  ■*  CO  +  0  +  e  (4) 

The  CO  is  not  a  problem  since  it  is  only  slightly  less  effective  than  N2 

in  populating  the  upper  laser  level  of  C02-  The  oxygen,  however,  promotes 

the  formation  of  negative  ions  which  cause  discharge  instabilities.  The 

presence  of  negative  ions  in  low-pressure  C02  discharges  was  recently 

24 

verified  by  Prince  and  Garscadden  using  an  on-line  quadrupole  mass 

spectrometer.  Their  results  showed  that  N02  is  the  dominant  ion  in 

a  typical  low-pressure  C02  laser  mixture. 

25 

Shields,  et  al.,  have  studied  TEA-laaer  discharges  for  both  low-  and 
high-pressure  conditions.  They  modeled  the  plasma  chemistry  of  the  TEA 
laser, selecting  from  over  60  relevant  reactions  and  using  13  rate  equations. 
Simulating  the  low-pressure  conditions  of  Prince  and  Garscadden's  negative- 
ion  measurements,  they  established  satisfactory  correlation  of  their  model 
with  the  low-pressure  experimental  data  (normalizing  their  results  to  the 


14 


0  peak).  For  the  high-pressure  case,  they  found  C0~  and  CO,  to  be  the 

J  4 

dominant  negative  ions.  When  the  reaction  products  were  allowed  to 
accumulate  in  the  laser  (as  under  closed-cycle  operation),  the  dominant 
ion  became  CO^  as  a  result  of  the  buildup  of  oxygen  from  the  dissocia¬ 
tion  of  CO,,.  The  concentration  of  CO^  increased  as  the  oxygen  concen¬ 
tration  was  increased,  with  the  result  that  the  negative-ion  concentra¬ 
tion  doubled  for  an  addition  of  ~  2%  oxygen.  Shields  showed  that  the 
addition  of  CO  reduces  the  CO2  dissociation  and  thereby  the  oxygen  which 
is  responsible  for  generating  the  negative  ions.  It  is  interesting  that 
Shields  found  the  nitrogen  oxides  to  be  unimportant  at  high  pressure, 
measuring  less  than  25  -  75  ppm  of  the  various  oxides  in  his  dii charges. 

It  should  be  emphasized  that  the  work  of  Shields,  et.  al. ,  is  only 

16  2 

one  example  of  modeling.  They  assumed  a  constant  E/N  of  2  x  10  V  cm 

13  -3 

and  excitation  by  a  300-ns  square  pulse  of  electrons  at  10  cm  and 

1  eV  for  their  modeling.  Under  somewhat  different  conditions — microsecond 

pulse  lengths  at  high-energy  loading  (755  3/i.  atm) — the  plasma-chemistry 

26 

model  of  Thoenes,  ejt  al. ,  for  repetitively  pulsed,  closed-cycle  electric 
discharges  at  atmospheric  pressure  has  shown  that  the  presence  of  hydrogen 
(Hj  or  H2O)  in  or  002:00:^  laser  gas  mixtures  leads  to  the 

formation  of  the  highly  electrophilic  species  HNO2  and  HNO^.  With  these 

species  present,  steady-state  energy  loading  stabilizes  at  27  J/£  atm, 

v 

whereas  elimination  of  these  species  results  in  steady-state  loading  at 
nearly  the  initial  loading  of  755  J /l  atm. 

The  results  of  these  theoretical  models  must  be  regarded  with  caution 
since  the  ionization  and  attachment  coefficients  as  a  function  of  E/N  have 
yet  to  be  determined  for  specific  gas  mixtures. 
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While  the  conditions  in  sealed  TEA  lasers  have  been  analyzed  to  some 

extent,  the  plasma  chemistry  in  e-beam  sustainer  lasers  is  less  well  known. 

The  plasma  chemistry  of  atmospheric-pressure  e-beam  discharges  has  recently 

27 

been  studied  by  Bletzinger  and  DeJoseph.  They  used  a  closed-cycle  UHV 
fast-flow  loop  similar  to  that  of  Ref.  1  and  a  5  x  15  cm  cross-section  e-benra 
capable  of  producing  total  currents  to  10  mA  at  up  to  200  keV  energy.  The 

-9 

UHV  loop,  having  base  pressure  in  the  10  Torr  range,  provided  a  clean 
reaction  vessel  with  minimal  contamination  by  leaks  and  outgassing.  They 
diagnosed  the  reaction  products  of  e-beam-irradiated  atmospheric-pressure 
mixtures  of  CC^j  and  He.  The  identity  and  concentration  of  infrared 

active  species  were  determined  off-line  via  infrared  absorption  spectros¬ 
copy,  with  gas  samples  in  a  20-m  White  cell  analyzed  by  a  high-resolution 
(0.07  cm  1)  interferometer-spectrometer.  On-line  monitoring  of  selected 
species  was  performed  using  a  diode  laser  tuned  to  known  absorption  lines 
of  the  gases  of  interest.  They  demonstrated  the  plasma-chemical  production 
cf  nitrogen  oxides  in  atmospheric-pressure  e-beam  discharges  and  a  large 
increase  in  the  generation  of  dissociation  products  caused  by  the  addition 
of  02*  These  results  show  the  need  to  use  high-purity  vacuum  systems  for 
long-term  closed-cycle  operation  of  atmospheric-pressure  CO2  lasers. 

The  third  category  of  closed-cycle  lasers  to  be  discussed  is  the 
pulsed  Xe  laser.  Results  obtained  for  He-Xe  and  Ar-Xe  lasers  are  pre¬ 
sented  in  Table  3.  The  He-Xe  laser  is  important  in  reconnaissance 
anc  countermeasure  applications  as  a  result  of  its  simultaneous  oscilla¬ 
tion  at  various  wavelengths  in  atmospheric  transmission  windows  in  the 

2  -  5  p  range.  Moderate  power  (watts)  and  high  repetition  rates  (kHz)  are 

28 

required  for  these  applications.  Fahlen  and  Targ  have  achieved  the 
highest  average  power  (11  W)  to  date;  the  highest  repetition  rate  to  date 
(12  kHz)  has  been  achieved  in  the  present  investigation.  The  Ar-Xe 
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CLOSED-CYCLE  PULSED  Xe  LASERS 


3.65 

(3.87) 


« 


results  are  significant  because  of  the  good  efficiency  achieved  (near  1%); 
however,  most  of  the  output  is  at  1.73  y  which  is  outside  the  range  required 
for  the  above  applications. 

The  1977  He-Xe  and  Ar-Xe  laser  data  were  obtained  using  the 
recirculating-loop  configuration.^  The  1979  He-Xe  laser  data  were 
obtained  using  a  novel,  compact  closed-cycle  configuration  employing 
an  annular-flow  return  surrounding  the  discharge  channel.  The  size 
of  this  laser  was  considerably  reduced  over  that  required  for  an  open- 
loop  configuration,  making  it  more  suitable  for  airborne  applications. 

This  laser  is  discussed  in  detail  in  Section  4.  When  an  output  mirror 
of  higher  reflectance  was  used  with  the  compact  He-Xe  laser,  simultaneous 
lasing  was  observed  at  2.03,  2.65,  3.04,  3.43,  3.65,  3.87,  4.02,  5.13, 
and  5.44  y.  The  5.13-  and  5.44-y  lines  have  not  been  reported  in  the 
literature  but  have  been  observed  by  W.  Schuebel  (AFWAL  Avionics  Labora¬ 
tory)  in  a  static  discharge. 

29 

Fahlen's  1979  results  were  obtained  for  a  compact  closed-cycle 
configuration  utilizing  a  stainless-steel  vacuum  enclosure  and  blowers 
externally  driven  through  ferrofluidic  seals.  The  laser  was  designed 
to  satisfy  requirements  for  airborne  applications — compact,  lightweight, 
and  capable  of  long-term  operation. 

The  1977  He-Xe  data  from  the  present  investigation  reflect  conditions 
under  which  maximum  power  was  generated  by  the  laser.  Lower-voltage  opera¬ 
tion  would  have  been  more  efficient  but  at  a  sacrifice  of  laser  output 
power.  This  is  also  true  of  the  1979  data  which  were  obtained  at  a  charging 
voltage  of  12  kV;  operation  at  a  pressure  of  600  Torr  and  a  charging  voltage 
of  4  kV  yielded  an  efficiency  of  0.22%. 
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The  lifetime  of  closed-cycle  He-Xe  lasers  has  proved  to  be  excellent. 
The  compact  annular- return  laser  was  operated  continuously  for  8  hr.  at 

g 

5  kHz  (1.4  x  10  pulses)  under  sealed-off  conditions  with  no  addition  of 
make-up  gas.  During  this  time  there  was  no  degradation  of  the  1-W  laser 
output  power.  Fahlen's  compact  He-Xe  laser  was  operated  continuously  for 
4  hr.  at  6  kHz,  during  which  time  the  5.5-W  laser  output  decreased  by 
about  4%.  The  excellent  lifetime  performance  of  the  closed-cycle  He-Xe 
laser  can  be  attributed  to  the  ultrahigh-vacuum  nature  of  the  laser  con¬ 
struction  which  ensures  minimum  contamination  of  the  laser  medium.  The 
lifetime  of  the  closed-cycle  Ar-Xe  laser  is  not  so  impressive  as  that  of 
the  He-Xe  laser,  exhibiting  a  30%  decrease  from  a  1-W  output  during  4  hr. 
of  operation.  The  greater  fall-off  in  output  power  for  the  Ar-Xe  laser 
may  be  due  to  the  greater  sputtering  rate  of  Ar,  as  compared  to  He,  which 
could  result  in  the  rapid  evolution  of  impurity  gases  or  Xe  gas  cleanup 
at  the  A1  cathode. 

21 

The  model  developed  by  Dzakowic  and  Wutzke  for  predicting  the 
stability  of  pulsed  transverse  discharges  with  fast  transverse  flow 
predicts  a  boundary-layer-diffusion-dominated  clearing  ratio  (minimum 
time  between  arc-free  pulses/gas  transit  time  through  gap)  of  /3  at 
low  energy  inputs.  In  our  work  with  He-Xe  and  Ar-Xe,  however,  clearing 
ratios  of  less  than  one  were  observed.  This  corresponds  to  the  over¬ 
lapping  of  discharge  pulses  in  the  interelectrode  gap  which  has  been 
observed  visually  through  the  dependence  of  discharge  width  upon  repe¬ 
tition  rate.  The  discharge  tends  to  concentrate  in  the  spatial-overlap 
region  of  successive  pulses  due  to  the  preionization  provided  by  previous- 
pulse  residual  ionization.  The  laser-beam-intensity  profile  is  probably 
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affected  by  the  nonuniform  discharge  intensity  which  results  from  over¬ 
lapping  discharge  pulses.  This  has  not  yet  been  confirmed  by  beam-profile 
measurements . 

The  role  played  by  Ar  and  He  buffer  gases  in  achieving  population 

inversion  in  Xe  has  been  analyzed  in  several  recent  publications.  Shuker, 
30 

et  al. ,  have  proposed  for  He-Xe  mixtures  that  the  upper  laser  levels 

are  populated  by  radiative  cascade  from  highly  excited  Xe  atoms  formed 

by  recombination  of  Xe  ions  generated  by  Penning  ionization  reactions 

with  metastable  He  atoms  and  molecules.  A  recombination-cascade  pumping 
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mechanism  has  also  been  suggested  by  Silfvast,  e_t  al. ,  to  explain  the 
population  inversion  in  laser-produced  He-Xe  plasma  lasers.  Another 


likely  pumping  mechanism  for  He-Xe  is  the  dissociative  recombination 

+  32 

of  Xe2<  It  appears  from  the  results  of  Shiu,  et  al.,  that  dissociative 

recombination  can  produce  any  Xe*  state  which  is  lower  in  energy  than  the 

initial  (Xe^  +  e)  state. 

Population  inversion  in  Ar-Xe  mixtures  appears  to  be  a  more  complex 

33 

process.  Gedanken,  et  al. ,  have  shown  that  there  is  efficient  molecule- 

atom  energy  transfer  to  Xe*  levels  which  overlap  the  A^*  second  molecular 

continuum.  However,  in  a  recent  study  of  the  high-pressure  Ar-Xe  laser 
34 

by  Lawton,  et  al. ,  transfer  from  A^*  was  shown  to  be  of  minor  impor¬ 
tance.  Their  kinetic  model  identifies  electron- impact  excitation  from 
lower-lying  Xe*  states,  dissociative  recombination  pumping,  and 
re combination- cascade  pumping  as  the  most  plausible  population  inversion 
mechanisms  in  Ar-Xe  mixtures.  The  relative  importance  of  each  process 
was  not  determined  by  Lawton,  j|t  al. ,  due  to  a  lack  of  data  for  excited- 
state  cross  sections,  recombination  and  quenching  rates,  and  branching 
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ratios.  They  ascribe  the  effectiveness  of  Ar  as  a  buffer  gas  in  an  Ar-Xe 
e-beam  ionizer-sustainer  discharge  laser  to  the  high  e-beam  stopping  power 
of  Ar,  the  lower  electron  mobility  in  Ar  which  improves  the  impedance  match 
to  the  external  sustainer  circuit,  and  the  low  electron-scattering  cross 
section  in  Ar  which  ensures  efficient  sustainer  power  transfer  to  excited 
species . 

The  above  discussion  of  pumping  mechanisms  leads  to  the  conclusion 

that  efficient  laser  action  in  high-pressure  He-Xe  and  Ar-Xe  mixtures 

requires  a  rapidly  recombining  dense-plasma  gain  medium  such  as  the 

afterglow  of  a  pulsed  transverse  discharge.  A  high-power  pulse  with 

a  steep  trailing  edge  is  needed  to  generate  the  high  ion  density  and 

35 

rapid  electron  cooling  required  for  inversion.  Rapid  depopulation 

of  the  lower  laser  level  by,  for  example,  de-exciting  collisions  with 

cold  electrons  or  heavy  particles  is  also  necessary.  In  the  Ar-Xe 

laser,  electron- impact  excitation  of  Xe  metastables  appears  to  be  an 

important  pumping  mechanism  which  could  lead  to  higher  laser  efficiency 

34 

through  a  recycling  of  the  energy  stored  in  the  metastables. 

The  fourth  and  last  category  of  closed-cycle  lasers  includes  XeF, 

36 

KrF,  and  XeCl  lasers  as  shown  in  Table  4.  Christensen's  laser  is 
better  described  as  a  recycled  rather  than  closed-cycle  laser  since  the 
longitudinal  flow  through  the  laser  is  discharged  into  a  dump  tank  and 
later  processed  via  cold  traps  in  order  to  reclaim  Xe  and  NF^  which  are 
then  recycled  through  the  laser  along  with  fresh  gas  which  has  been 
added.  Christensen  achieved  many  recyclings  without  cumulative  con¬ 
tamination.  On-line  processing  proved  to  be  unsuccessful  due  to  ineffi¬ 
cient  cold  trapping  at  high  flow  rates.  A  thyratron-switched  Blumlein 
circuit  was  used  for  excitation. 
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Fahlen's  laser  is  truly  closed  cycle  and  has  yielded  the  highest  rep 

rate  (1  kHz)  and  highest  average  power  (48  W)  to  date  for  KrF.^ 

The  rep-rate  dependence  of  average  output  power  from  Fahlen's  laser  revealed 

a  decrease  in  pulse  energy  with  rep  rate  which  may  be  due  to  discharge 

instabilities  induced  by  heating  of  the  gas  or  electrodes  or  by  decomposi- 

37 

tion  or  contamination  of  the  initial  gas  fill.  Fahlen  reported  a  rep¬ 
rate-dependent  falloff  in  pulse  energy  of  10%  in  17  min.  at  30  Hz  and  10% 
in  1  sec  at  1  kHz.  The  pulse  energy  recovers  fully  after  the  discharge 

is  turned  off  for  a  few  minutes. 

38 

Recently,  Miller,  ej:  £»1. ,  investigated  the  performance  of  a  high- 
repetition-rate ,  closed-cycle,  UV-preionized  rare-gas-halide  laser  of 
high-purity  construction.  The  characteristics  of  the  laser  operating 
with  ArF,  ,  XeF,  and  XeCl  were  obtained.  The  best  performance  was 
demonstrated  by  the  XeCl  laser,  as  shown  in  Table  4.  With  XeCl,  they 
were  able  to  maintain  an  average  power  of  greater  than  35  W  for  over 
1  hr  at  a  repetition  rate  of  500  Hz.  The  lifetime  was  limited  by 
coating  of  the  laser  windows  rather  than  gas  degradation. 

Also  shown  in  Table  4  are  the  truly  ambitious  performance  specifica¬ 
tions  desired  by  Los  Alamos  for  a  proposed  high-rep-rate  closed-cycle  KrF 
laser.  The  stringent  switch  and  capacitor  requirements  for  such  a  laser 
are  given  on  the  following  page. 
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SWITCH  REQUIREMENTS 


Voltage  Holdoff 

Peak  Current 

Current  Pulse  Width 

Repetition  Rate 

Lifetime 

Jitter 

di/dt 

Inductance 


50  kV 
50  kA 
<  100  ns 
1  kHz 

o 

5  x  10  MTBF 

<  10  ns 

>  2  x  1012  A/s 

<  10  nH 


CAPACITOR  REQUIREMENTS 


Energy  Storage 
Charging  Voltage 
Inductance 


ESR 

MTBF 

PRF 


50  -  100  J 
50  -  100  kV 

<  10  nH 

<  0.05  0 

>  10^  Shots 
1  kHz 


Considering  the  present  state-of-the-art,  the  switch  requirements  can 
probably  be  met  only  by  using  a  parallel  array  of  thyratrons.  The  require¬ 
ments  for  capacitors  having  high-voltage  standoff,  low  inductance,  and  long 
lifetime  at  high  rep  rate  can  probably  best  be  met  by  a  large  array  of 
coaxial  cables. 

Beyond  the  stringent  circuit-component  requirements,  there  are  severe 

materials  problems  associated  with  rare-gas-f luoride  lasers  as  a  result 

of  the  extreme  reactivity  of  the  laser  medium.  The  magnitude  of  the 

39 

problem  is  pointed  up  by  Tennant's  results  on  the  reaction  of  fluorine 
with  various  materials  in  a  static,  well-passivated  test  cell,  which 
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showed  that  fluorine  reacts  quite  well  with  most  dielectrics  commonly  used 
in  the  fabrication  of  lasers.  Tennant  measured  reaction  products  using  a 
TOF  mass  spectrometer  and  added  the  major  contaminants,  thus  identified,  to 
a  KrF  laser.  The  results  showed  that  every  contaminant  reduced  the  laser 
output  energy.  Particularly  striking  was  the  fact  that  the  addition  of 
0.6  Torr  of  CO^  to  the  1400-Torr  laser  gas  mixture  reduced  the  laser  out¬ 
put  to  zero.  Clearly,  the  high- rep-rate  closed-cycle  rare-gas-halide  laser 
has  significant  problems  yet  to  be  solved. 

In  conclusion: 

1.  Closed-cycle  operation  is  necessary  for  practical  fast-flow 
high-pressure  lasers. 

2.  The  parameter  of  merit  for  closed-cycle  lasers  is  lifetime. 

3.  There  is  a  need  to  scale  the  kinetics  modeling  for  these 
lasers  to  higher  pressure. 

4.  There  is  a  need  for  experimental  studies  and  validation  of 
theoretical  models  of  the  chemistry  of  high-rep- rate  lasers 
operating  in  the  closed-cycle  mode  under  conditions  of  high 
pressure  and  fast  flow. 
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SECTION  III 

RECIRCULATING-LOOP  LASER 

3. 1  VELOCITY  PROFILE 

The  importance  of  establishing  a  uniform  velocity  profile  in  the  dis¬ 
charge  region  of  a  flowing  gas  laser  has  been  discussed  by  Eckbreth  and 
Owen. Nonuniform  flow  results  in  nonuniform  energy  deposition  with  con¬ 
sequent  temperature  nonuniformities  which  promote  arcing.  The  velocity 

AO 

profile  in  the  discharge  region  of  the  recirculating-loop  laser  was 
measured  by  translating  a  1/16-in. -o.d.  Pitot-static  probe  along  the 
28-cm  length  of  the  Rogowski  electrodes  at  the  midplane  of  the  electrode 
gap.  The  flow  geometry  is  shown  at  the  top  of  Fig.  4,  with  velocity  pro¬ 
files  shown  below.  Profiles  were  obtained  for  each  of  two  fans — one  being 
equipped  with  stator  vanes  and  the  other  without  vanes.  Stator  vanes, 
which  transform  the  kinetic  energy  of  whirl  into  pressure  head,  were  added 
to  the  axial  fan  assembly,  as  shown  in  Fig.  5,  in  order  to  increase  the 
flow  velocity  and  uniformity.  The  addition  of  stator  vanes  increased  the 
maximum  velocity  by  only  6%.  More  importantly,  however,  the  variation  of 
the  velocity  profile  was  improved.  Over  the  central  25  cm  of  the  electrodes 
(where  the  discharge  is  established),  the  velocity  at  the  electrode  ends 
decreased  -  7%  from  the  maximum  for  the  fan  without  vanes  and  ~  5%  for  the 
fan  with  vanes.  The  results  of  Ref.  10  indicate  that  velocity  profiles 
uniform  to  within  4%  are  desirable  for  discharges  aligned  with  the  flow. 

Prior  to  these  velocity-profile  measurements,  the  flow  velocity  in  the 
interelectrode  gap  (V2)  had  been  obtained  from  the  measured  flow  velocity 
in  the  6-in. -o.d.  pipe  (V^)  and  the  cross-sectional  areas  of  the  6-in.  pipe 
(A^)  and  the  interelectrode  region  (A^)  using  “  (A^/AjJV^.  This  yielded 
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a  velocity  of  180  ft/sec  compared  with  the  present  value  of  156  ft/sec. 

The  difference  in  these  values  may  be  due  to  the  fact  that  the  fixed  probe 
was  located  on  the  axis  of  the  6- in.  pipe,  and  measurements  were  made, 
therefore,  at  the  peak  of  the  velocity  distribution  across  the  pipe. 


3.2  PULSER-CIRCUIT  INDUCTANCE 

Fast-rising  short-duration  pulses  are  beneficial  in  achieving  uniform 
high-pressure  glow  discharges  and  rapid  heating  of  electrons  to  high  energy. 
The  limiting  factor  in  achieving  fast  risetime  is  circuit  inductance.  In 
the  lumped-parameter  circuit  of  the  high-repetition-rate  pulser  used  for 
the  recirculating- loop  laser,  most  of  the  inductance  is  associated  with  the 
HY-5  thyratron  and  the  energy-storage  capacitor.  In  order  to  measure  the 
inductance  of  the  pulser,  the  output  was  short  circuited  and  the  ringing 
frequency  of  the  resulting  damped  oscillation  was  observed.  The  instan¬ 
taneous  current  is  given  by 

Vo  -Rt/2L  . 

i(t)  =  —  e  sin  tot  (5) 

where  Vq  is  the  charging  voltage,  L  the  inductance,  R  the  internal  resis¬ 
tance  of  the  pulser,  t  the  time,  and  <u  =  /l/LC  -  R^/ 4L^.  The  inductance 
can  be  calculated  from  the  expression  for  the  ringing  frequency,  which  for 
small  R  is  given  by 


f 


(6) 
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Unambiguous  measurements  of  the  ringing  frequency  were  impossible 
since  little  inverse  current  is  conducted  by  the  thyratron,  which  is  a 
unidirectional  switch.  In  fact,  the  inverse  voltage  aids  in  extinguishing 
the  thyratron  discharge.  An  estimate  of  the  oscillation  period  made  from 
the  primary  current-pulse  width  was  used  to  calculate  an  inductance  of 
410  nH.  It  was  suspected  that  the  thyratron  contributed  most  of  this 
inductance;  therefore,  the  HY-5  was  replaced  by  an  8354  thyratron  in  a 
tightly  coupled  coaxial  configuration.  Shorter  pulses  of  higher  current 
were  then  obtained.  A  calculation  of  the  circuit  inductance  (as  above) 
yielded  a  value  of  250  nH.  A  comparison  of  the  pulses  obtained  with  the 
different  thyratrons  for  a  2-nF  capacitor  charged  to  5  kV  is  shown  in 
Fig.  6. 


Figure  6.  Short-circuit  output  current  of  high-repetition-rate 
pulser  using  (a)  HY-5  and  (b)  8354  thyratrons. 
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Approximately  the  same  value  of  inductance  was  obtained  for  short- 
circuit  pulses  from  1- ,  2-,  and  5-nF  capacitors  switched  by  the  8354. 

This  indicates  that  the  thyratron  is  the  main  source  of  inductance  in 
the  pulser  circuit. 

3.3  INDEPENDENT  PREIONIZATION 

The  use  of  capacitively  coupled  trigger  wires  to  provide  preionization 
for  He-Xe  discharges  has  proved  to  be  adequate,  although  at  low  repetition 
rate  (<  1  kHz)  the  discharge  tends  to  become  filamentary  and  the  laser 
output  sharply  decreases.  The  effectiveness  of  trigger  wires  in  Ar-Xe 
discharges  has  been  less  satisfactory,  with  pressure  being  limited  to 
below  400  Torr  and  discharge  voltage  limited  to  -  8  kV.  It  has  been  demon¬ 
strated  for  TEA  discharges  in  C02  laser  mixtures  and  rare-gas  fluorides 

that  there  is  an  optimum  delay  between  preionization  and  application  of 

41  42 

the  main  discharge  voltage.  ’  In  an  attempt  to  improve  the  effective¬ 
ness  of  the  trigger-wire  technique,  the  high-repetition-rate  pulser  was 
modified  by  the  addition  of  a  variable  delay  (0.1  to  1000  ps)  in  the  main 
discharge  pulse  and  an  independent  preionization  pulser,  as  shown  in 
Fig.  7. 

The  circuit  of  Fig.  7  was  evaluated  for  discharges  in  700  Torr  of  He. 
It  was  found  that  for  short  delay  times  (<  5  psec),  the  main  discharge  was 
not  established  between  the  Rogowski  electrodes  but  instead  followed  a  path 
from  cathode  to  wires  to  anode.  A  uniform  discharge  could  be  established 
for  delay  times  of  -250  psec.  As  the  delay  was  increased  beyond  250  psec, 
a  "hollow"  developed  in  the  center  of  the  discharge.  A  glow  discharge 
could  not  be  achieved  in  Ar  (300  Torr). 
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Figure  7.  Block  diagram  of  high-rep-rate  pulser  with  independent  preionization  circuit. 


In  order  to  decouple  the  preionization  circuit  from  the  main  discharge 
circuit  (to  avoid  discharges  from  cathode  to  wires),  the  preionization  wires 
were  lowered  from  the  electrode  midplane  to  the  plane  of  the  anode.  Accord¬ 
ing  to  W.  Schuebel  (AFWAL  Avionics  Lab),  this  is  the  optimum  position  for  the 
wires  as  determined  by  tests  using  a  static  discharge.  Unfortunately, this 
geometry  was  found  to  be  impractical  when  used  with  transverse  gas  flow. 

Under  flowing  gas  conditions,  standing  waves  were  induced  in  the  downstream 
preionization  wire.  The  standing  waves  experienced  a  rotation  about  the  axis 
of  the  wire  which  resulted  in  periodic  shorting  of  the  wire  to  the  anode. 


3.4  OPTICAL  SWITCH  EVALUATION 

The  independent-preionization  study  was  terminated  and  the  capacitive- 
coupling  configuration  reinstalled  in  order  to  make  the  laser  operational 
as  an  TR  source  for  evaluating  the  characteristics  of  an  optical 
switch.  It  was  necessary  to  use  a  5-nF  capacitor  switched  by  an 
HY-5  thyratron  since  the  2-nF  capacitor  had  been  damaged  by  overheating 
during  operation  with  an  uncooled  8354  thyratron  at  10  kHz.  A  n&f  2-m 
reflector  and  a  Si  partial  transmitter  were  used  for  the  optical  cavity. 

Previously, ^  the  maximum  laser  output  power  had  occurred  at  400-Torr 
He-Xe  (100:1).  Using  this  gas  fill  in  the  present  setup,  the  data  of 
Fig.  8  were  obtained,  Fig.  8(a)  showing  the  dependence  of  average  laser 
output  power  upon  PRF  and  Fig.  8(b)  the  dependence  of  output  power  and 
efficiency  upon  input  power  (i.e.,  the  average  output  power  of  the  energy- 
storage  capacitor).  The  1.68-W  output  at  6  kHz  was  the  highest  power 
achieved  to  date  for  He-Xe  in  the  recirculating-loop  laser.  More  impor¬ 
tantly,  the  efficiency  was  much  higher  than  the  0.03%  achieved  previously. 


33 


AVG.  OUTPUT  POWER  (W)  AVG.  OUTPUT  POWER  (W) 


Figure 


PRF(kHz) 


8.  (a)  Dependence  of  average  laser  output  power  upon  PRF  for  400-Torr 

He-Xe  (100:1)  at  12-kV  charging  voltage,  (b)  dependence  of  average 
laser  output  power  and  efficiency  upon  average  input  power  for 
400-Torr  He-Xe  (100:1)  at  a  PRF  of  4  kHz. 
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EFFICIENCY  (7o) 


The  increased  efficiency  was  probably  due  to  a  more  effective  power  loading 
with  the  5-nF  than  with  the  2-nF  capacitor.  The  continuous  decrease  in 
efficiency  with  increasing  input  power  may  be  due  to  the  worsening  impedance 
mismatch  between  pulser  and  discharge  with  increasing  input  power,  which 
results  in  less-effective  power  loading  into  the  discharge. 

Evaluation  of  the  optical  switch  was  performed  in  cooperation  with  E. 

Nichols  of  AFWAL/Avionics  Lab  and  R.  .Hemphill  of  Vought  Corp.  The  optical 

transmittance  of  the  switching  material  undergoes  a  rapid  change  from  '50/'  to 

■  07.  T  in  the  vicinity  of  65°C.  The  material  had  been  successfully  switched 

(at  Vought)  by  a  500-pJ,  1-nsec  pulse  from  a  visible  dye  laser  focused  to  a 

600-p  spot.  Dynamic  switching  could  not  be  achieved  with  the  recirculating- 

loop  He-Xe  laser;  however,  when  the  substrate  temperature  was  increased  to 

-  60°C,  the  entire  laser  pulse  was  attenuated,  presumably  due  to  the  average 

laser-heating  effect.  The  laser  beam  was  focused  with  a  l-in.-diam.  CaF^ 

lens  to  a  0.0075-in.  x  0.0025-in.  spot  on  the  switching  material.  Operation 

at  4  kHz  and  an  average  laser  output  power  of  0.95  W  yielded  237-yJ  pulses 

2 

which  provided  a  spot  intensity  of  ~  1  J/cm  .  Although  this  was  approxi¬ 
mately  five  times  the  intensity  at  which  switching  had  been  observed  with 
the  visible  laser,  it  was  insufficient  to  induce  switching,  probably 
because  the  absorption  of  IR  by  the  material  is  much  less  than  for  visible. 


3.5  AFTERGLOW  ELECTRON-DENSITY  DECAY  MEASUREMENTS 

The  capability  of  the  recirculating-loop  laser  to  operate  at  rep  rates 
higher  than  the  inverse  of  the  flow  transit  time  has  not  yet  been  explained. 
This  mode  of  operation  is  important  not  only  because  high  rep  rate  is 
achieved  but  also  because  the  laser  output  is  enhanced  under  this  condition. 
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A  similar  effect  observed  for  CC^  waveguide  lasers  has  been  ascribed  to 
the  preionization  provided  by  interpulse  residual  ionization. 

The  level  of  interpulse  residual  ionization  is  given  by  the  electron 
density  in  a  recombination-controlled  afterglow  plasma 

~  =  ~  +  at  (7) 

n  n 

o 

where  n  is  the  electron  density  at  time  t  after  the  discharge  pulse,  nQ  is 
the  initial  electron  density,  and  a  is  the  recombination  coefficient.  For 
the  conditions  existing  in  the  closed-cycle  laser,  dissociative  recombina¬ 
tion  is  the  dominant  recombination  mechanism  represented  by 

X*  +  e  -*  (X2)*  -*  X*  +  X  +  K.E.  (8) 

The  form  of  Eq .  (7)  suggests  plotting  data  from  recombination  measure¬ 
ments  as  1/n  vs  t.  This  is  done  in  Fig.  9  for  measurements  in  300-Torr  He 
and  300-Torr  He-Xe  (100:1)  at  a  charging  voltage  of  5  kV  and  a  rep  rate  of 
285  Hz.  Following  each  discharge  pulse  a  square  pulse  of  250  V  was  applied 
to  the  discharge  electrodes  through  a  blocking  triode.  The  electron  density 
was  obtained  from  current-vs-time  oscillograms  using 

j  =  nevd  (9) 

where  j  is  the  current  density  and  v^  is  the  drift  velocity  which  was 
obtained  from  Ref.  44. 
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Figure  9.  Electron-density  decay  In  the  afterglow  of  He  and  He-Xe 
discharges  in  the  closed-cycle  laser. 
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Recombination  coefficients  obtained  from  straight-line  slopes  in  Fig.  9 

_  s  3  _  i  3 

are  4  x  10  cm  /sec  for  He  and  1.1  x  10  cm  /sec  for  He-Xe.  These  are  to 

45 

be  compared  with  published  values  of  the  dissociative  recombination  coef- 

I  _  s  3  3 

ficients  for  He2  of  <  1  x  10  cm  /sec  and  for  Xe2  of  1.4  x  10  cin  /sec. 

Note  that  initially  the  rate  of  recombination  is  much  slower  than  that  in  the 

straight-line  region.  This  behavior  resembles  that  attributed  in  Ref.  46 

to  atomic- ion  recombination  followed  by  molecular-ion  recombination.  It 

is  somewhat  surprising  that  even  after  1  msec,  the  electron  density  in  the 

10  -3 

He-Xe  afterglow  is  '  1.6  x  10  cm  .  At  actual  laser  operating  voltages 

11  -3 

of  10  kV  and  above,  the  residual  density  may  be  as  high  as  10  cm  .  This 

is  a  substantial  amount  of  preionization  and  must  influence  the  discharge 

above  a  rep  rate  of  ~  1  kHz.  In  fact,  there  is  some  evidence  of  this  in 

the  observation  that  the  discharge  voltage  decreased  from  10  to  7  kV  as  the 

rep  rate  was  increased  from  1  to  4  kHz. 

The  addition  of  up  to  3  Torr  of  O2  to  the  He-Xe  discharge  changed  the 

electron-decay  curve  very  little.  The  same  was  true  for  0.1  Torr  of  SF, 

o 

which,  however,  did  induce  arcing  at  relatively  low  voltage.  The  discharge 
electrodes  were  removed  from  the  system  after  operation  in  the  presence  of 
SF^,  and  the  electrode  surfaces  were  found  to  be  severely  damaged  due  to 
arcing. 

3.6  HTGH- REPETITION-RATE  C02  LASER 

The  performance  of  the  recirculating-loop  laser  was  evaluated  for  CO2 
laser  mixtures.  A  mixture  of  400-Torr  He,  50-Torr  COj,  50-Torr  CO,  and 
1-Torr  Xe  was  used  initially.  The  replacement  of  1^  in  the  conventional 
laser  mix  by  an  equal  amount  of  CO  is  beneficial  for  long-time  operation 
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as  a  result  of  the  ijiischarge-stabilizing  effect  of  electron  detachment  from 

:  47 

0  by  CO  and  the  minimization  of  the  formation  of  nitrogen  oxides.  A 

5-nF  capacitor  switched  by  an  HY-5  thyratron  was  used  to  load  up  to  0.9  J 

into  the  discharge.  A  2-m  Si  reflector  and  a  92%  R  (at  10.6  g)  Ge  flat 

were  used  for  the  optical  cavity. 

Maximum  laser  output  was  achieved  for  PRF's  in  the  neighborhood  of 
2  kHz.  Arcing  occurred  slightly  above  2  kHz,  and  the  average  laser  output 
power  decreased  to  zero  as  the  PRF  was  decreased  to  1  kHz.  The  reason  for 
the  cessation  of  lasing  at  1  kHz  is  probably  the  low  energy-loading  density 
of  <  18  J/i.  Above  1  kHz,  however,  the  discharge  contracted  to  ~  0.5  cm  in 
width  (as  evidenced  by  laser  burn  patterns)  which  quadrupled  the  energy¬ 
loading  density. 

The  long-time  performance  of  the  laser  is  shown  in  Fig.  10  for  a  50- 
min.  run  time.  The  initial  output  of  70  W  decreased  within  5  min.  as 
filamentary  arcs  appeared  within  the  glow  discharge.  The  PRF  was  decreased 
from  2.2  to  2  kHz  to  eliminate  arcing,  and  the  laser  was  operated  for  an 
additional  40  min.  before  arcing  recurred.  Approximately  6  x  10^  laser 
pulses  were  generated  during  the  50-min.  operation. 

The  low  gain  of  the  laser  was  pointed  up  by  varying  the  cavity  out- 
coupling.  When  the  92%-R  output  mirror  was  replaced  by  a  mirror  having 
80%  R,  the  average  laser  output  power  was  ~  16  W.  Lasing  could  not  be 
achieved  with  a  65%-R  output  mirror. 

The  superiority  of  the  laser  mix  containing  CO  over  the  ^-bearing 
mix  was  demonstrated  by  the  fact  that  an  arc-free  discharge  could  not  be 
established  above  1  kHz  and  that  lasing  was  not  observed  for  a  mixture 
of  400-Torr  He,  50-Torr  CO2,  and  50-Torr  N2. 
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A  parametric  evaluation  of  the  CC^  laser  performance  was  not  under¬ 


taken  because  of  insufficient  energy-loading  capability.  Neither  higher 
voltage  nor  a  larger  capacitor  was  available. 

3.7  LC  INVERSION  GENERATOR 

48 

An  LC  inversion  generator  was  fabricated  and  evaluated  as  a  high- 
rep-rate  pulser  for  the  CO2  closed-cycle  laser.  A  simplified  schematic 
of  the  pulser  is  shown  in  Fig.  11. 


c2 


Figure  11.  LC  inversion  generator. 

Since  C^  and  C2  are  charged  in  parallel,  their  opposing  polarities  result 
in  zero  voltage  across  the  discharge  electrodes  prior  to  erection.  Firing 
the  thyratron  induces  a  ringing  of  the  LC  circuit  comprised  of  C^  and  the 
thyratron  inductance  and  results  in  a  reversal  in  the  polarity  of  C^.  At 
the  peak  of  the  voltage  reversal  (one-half  cycle  later),  the  voltage  across 
the  discharge  electrodes — which  is  also  oscillating  at  the  LC  ringing 
frequency — should  be  twice  the  charging  voltage.  In  practice,  the  voltage 
across  the  discharge  electrodes  is  limited  by  breakdown. 

Discharge  current  and  voltage  oscillograms  are  shown  in  Fig.  12(a) 
for  the  LC  inversion  generator  and  in  Fig.  12(b)  for  the  conventional 
circuit  with  C^  omitted.  The  gas  mixture  was  400-Torr  He,  50-Torr  COj, 
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Figure  12.  Discharge  current  and  voltage  oscillograms  for 
(a)  LC  inversion  generator  and  (b)  single¬ 
capacitor  pulser.  Gas  mixture:  400-Torr  He, 
50-Torr  C02>  50-Torr  CO,  1-Torr  Xe. 
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50-Torr  CO,  and  1-Torr  Xe  in  both  cases.  The  charging  voltage  was  20  kV 
for  the  circuit  of  12(a)  and  19  kV  for  12(b);  the  rep  rate  was  100  Hz  for 
12(a)  and  2  kHz  for  12(b).  Compared  with  the  conventional  circuit,  the  LC 
generator  achieved  higher  discharge  current  but  less  peak  voltage,  had 
slower  current  and  voltage  risetimes,  and  had  a  poorer  impedance  match. 

The  average  laser  output  power  was  ~  20  W  at  600  Hz  for  the  LC  generator 
and  a  maximum  of  70  W  at  2  kHz  for  the  conventional  circuit.  Discharge 
arcing  limited  the  rep  rate  for  the  LC  generator  to  values  below  700  Hz. 
The  poor  performance  of  the  LC  generator  was  probably  due  to  excessive 
inductance  in  the  LC  ringing  circuit. 


3.8  POKER  PULSER 

15 

In  order  to  evaluate  the  poker  discharge-excitation  technique,  the 
circuit  of  Fig.  13  was  utilized  with  the  recirculating- loop  laser.  Both 
pure  He  and  a  1:1:8  (X^'-^’.He  mix  were  used  at  pressures  from  400  to  700 
Torr.  Poker  capacitance  (C^)  values  of  0.2  and  1  nF  were  used.  A  maximum 
poker  burst  rate  of  20  kHz  and  voltage  pulses  of  ~  14  kV  peak  with  50-nsec 
rise  and  fall  time  were  achieved. 

Poker  excitation  of  He  produced  a  visually  uniform  discharge  for  sus- 
tainer  fields  of  up  to  -  500  V/cm  at  400  Torr  pressure.  Discharge  and 
source  impedance  control  appeared  to  be  the  main  problem  since  the  entire 
sustainer  capacitor  was  dumped  in  -  5  ysec. 

Arc-free  operation  in  the  CO2  mix  could  not  be  achieved,  with  even  a 
small  sustainer  field  applied.  This  is  believed  to  be  due  to  thermal 
instabilities  and  the  presence  of  electronegative  species  produced  by  the 
discharge.  It  should  be  pointed  out  that  the  circuit  of  Fig.  13  did  not 
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figure  13.  Schematic  of  simple  poker  pulser. 
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provide  a  fast  initial  high-voltage  spike.  Consequently,  the  electron 
density  gradually  increased  over  the  first  three  to  six  pulses.  This  may 
have  resulted  in  instabilities  which  prevented  an  appreciable  electron- 
density  buildup. 

A  simplified  computer  model  was  developed  in  order  to  evaluate  the 
effect  of  the  E/N-dependent  attachment  of  electronegative  discharge  products 
upon  electron  density.  Assuming  diffusion  and  electron  detachment  to  be 
negligible,  the  electron  continuity  equation  is 

n  aW  -  yn^  -  n  aW  =  0  (10) 

e  '  e  e 

where  ng  is  the  electron  density,  W  is  the  drift  velocity,  and  a,  y,  and  a 

are  the  ionization,  recombination,  and  attachment  coefficients,  respectively. 
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Using  a  Runge-Kutta  integration  method  and  the  values  of  Lowke,  et  al. , 

for  W,  a,  y,  and  a,  the  electron  number  density  was  calculated  and  plotted 

as  a  function  of  time  for  various  sustainer  levels.  Figure  14  shows  the 

temporal  evolution  of  the  electron  density  generated  by  a  single  poker 

pulse  for  a  1:1:8  CC^s^.'He  mixture  at  several  sustainer  voltages.  The 

pulse  was  assumed  to  be  triangular  with  a  22-kV  peak  and  a  100-nsec  total 

width,  superimposed  on  the  sustainer  level.  The  high  decay  rate  for  E/N  = 
-16  2 

1.5  x  10  V-cm  shows  the  effect  of  the  high  attachment  rate.  However,  at 

the  lower  applied  fields,  the  plasma  appears  to  be  entirely  recombination 

dominated.  This  effect  is,  of  course,  dependent  upon  the  gas  composition. 

For  a  1:2:3  mixture,  for  example,  attachment  would  not  be  significant  until 

2 

E/N  reaches  -  2.5  *  10  V-cin  whereas  for  the  mixture  studied  here  (1:1:8), 

~16  2 

an  E/N  of  as  low  as  1.3  *  10  V-ctn  would  result  in  an  appreciable 
electron  loss. 
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Figure  14.  Computed  electron-density  decay  in  a  1:1:8  C02:N2:He  laser  mix. 

Electrode  gap  =  1  cm;  pressure  =  400  Torr;  poker  pulse  =  22  kV 
peak  amplitude,  triangular  shape  of  100  nsec  total  width. 

(a)  Sustainer  voltage  =  20  V  (E/N  -  1.5  x  10-18  V-cm2) , 

(b)  Sustainer  voltage  =  1000  V  (E/N  =  7.6  x  10-17  V-cm2), 

(c)  Sustainer  voltage  =  2000  V  (E/N  =  1.5  x  10-18  V-cm2). 


Figure  15  shows  the  computed  time-varying  electron  density  resulting 

from  a  series  of  20-kHz,  20-kV  poker  pulses  with  a  sustainer  field  of  1  kV 

on  a  1-cm  gap  in  a  400-Torr  1:1:8  mixture  at  room  temperature.  An  initial 

4  -3 

uniform  electron  density  of  10  cm  was  assumed.  Each  high-voltage  pulse 

17  -3  13  -3 

generates  a  peak  ng  of  -  10  cm  with  a  rapid  decay  to  10  cm  .  The 

interpulse  period  shows  a  two-decade  fall-off  of  ng.  For  the  fixed  E/N  oi 

the  sustainer  field,  this  corresponds  to  a  variation  m  current  density  of 

2  2 

two  orders  of  magnitude — from  ~  10  A/cm  to  -  0.1  A/cm  .  Experimental 
results  have  Indicated  that  this  plasma-impedance  change  does  exist.  It 
appears  that  a  poker  repetition  rate  of  greater  than  100  kHz  would  be 
required  just  to  limit  the  power-loading  fluctuations  to  within  one  order 
of  magnitude;  ten  times  this  rate  would  be  necesssary  for  -  20%  variation. 

A  more  stringent  control  of  the  poker-pulse  height  and  width  would  be 
advantageous  in  controlling  the  large  overshoot  in  current  density,  but 
this  would  not  change  the  Interpulse  characteristics.  That  is,  a  high 
repetition  rate  would  still  be  required  in  order  to  maintain  an  appreci¬ 
able  power  loading. 

Considering  the  extent  of  current-density  fluctuations  in  a  C02  laser 
mix,  it  does  not  seem  practical  to  utilize  the  poker  concept  in  our  con¬ 
figuration  for  quasi-cw  operation.  When  taking  into  account  the  added 
problems  of  decreased  preionization  and  increased  thermal  instabilities 
at  higher  pressures,  the  use  of  poker  pulses  for  ionization- level  control 
Is  unattractive  for  closed-cycle  TEA  laser  operation. 

The  poker  concept,  however,  may  be  promising  for  rare-gas-discharge 
lasers  in  the  case  where  excitation  is  a  result  of  electron-energy  transfer, 
as  with  the  ArXe  laser.  On  the  other  hand,  the  poker  circuit  would  be 
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Figure  15.  Calculated  electron  density  for  a  20-kHz  poker  pulse  repetition  rate  in  a  1: 

C02 :N2 :He  laser  mix.  Electrode  gap  =  1  cm;  pressure  =  400  Torr;  poker  pulse 
20  kV  peak  amplitude,  triangular  shape  of  100  ns  total  width. 
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detrimental  if  excitation  were  due  to  recombination,  as  suspected  in  the 
HeXe  laser.  An  increase  of  the  sustainer  field  should  decrease  the  after¬ 
glow  laser  output  in  this  case,  due  to  the  reduced  recombination  at  higher 
electron  temperature. 

The  circuit  of  Fig.  13  was  modified  for  operation  with  a  mixture  of 

400-Torr  He,  1-Torr  Xe.  The  sustainer-control  tetrode  would  not  operate 

properly  due  to  the  anode-cathode  bias  condition;  therefore,  it  was  replaced 

with  a  short,  and  a  10-Si  ballast  resistor  was  installed  between  the  0.3  — u  f 

filter  capacitor  and  the  choke.  Only  the  2.03-,  2.65-,  and  3.65-p  laser 

pulses  were  observed.  The  amplitude  of  the  2. 03- and  3.65-p  pulses  decreased 

~  30%, while  the  afterglow  portion  of  the  2.65  p  pulse  disappeared  when  the 

-17  2 

sustainer  field  was  varied  from  0  to  160  V  (E/N  =  1.2  x  10  V-cm  ). 

In  a  mixture  of  300-Torr  Ar,  1.5-Torr  Xe,  six  laser  lines  were  ob¬ 
served:  2.03,  2.48,  2.63,  2.65,  3.11,  and  5.57  p.  A  slight  increase  in 
power  was  seen  with  increasing  sustainer  field,  but  the  results  are 
inconclusive  due  to  discharge-stability  limitations.  However,  the  increase 
in  intensity  of  the  2.65-p  pulse  appeared  to  follow  the  decrease  in  over¬ 
shoot  of  the  poker  pulse.  In  other  words,  the  sustainer  may  have  cancelled  J 

I 

the  field  present  during  the  afterglow  pulse. 

4 
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SECTION  IV 


« 


ANNULAR-FLOW-RETURN  LASER 


4.1  DESIGN 

A  compact, closed-cycle, fast-transverse-flow,  high-repetitlon-rate  laser 
was  achieved  In  a  novel  design  utilizing  an  annular  flow  return  surrounding 
the  laser  flow  channel.  The  annular-f low-return  configuration  was  chosen 
for  applications  having  severe  size  and  weight  restrictions  since  it  is  the 
most  compact  geometry  for  recirculating  flow. 

The  laser  was  constructed  of  ultrahigh-vacuum  components  and  low- 

outgassing  materials  to  ensure  minimum  contamination  of  the  laser  medium. 

A  side  view  of  the  laser  is  shown  in  Fig.  16.  The  outer  stainless  steel 

vacuum  envelope  is  12  in.  in  diam.  and  50  in.  long.  A  6-in.-diam. 

vaneaxial  fan  capable  of  600  CFM  provides  up  to  275  ft/sec  flow  through 

a  1-cm  gap  between  Rogowski-prof ile  electrodes.  Equal-area  turning  vanes 

are  used  to  channel  the  flow  from  the  annular  return  to  a  settling  chamber 

in  which  a  honeycomb  flow  straightener  is  used  to  remove  swirl  and  large- 

scale  lateral  velocity  variations.  A  bellmouth  inlet  is  used  to  channel 

2 

the  flow  into  the  interelectrode  region  of  1  »  28  cm  cross  section.  A 
diffuser, comprised  of  a  short  length  of  6-deg .  expansion  followed  by 
a  wide-angle  expansion, channels  the  flow  from  the  discharge  region  to 
the  fan  inlet. 

Contamination  by  the  gas-recirculation  fan  is  avoided  by  employing 
an  external  drive  through  a  ferrofluidic  rotary  vacuum  seal.  The  externally 
driven  fan  assembly  is  flange-mounted  to  one  end  of  the  vacuum  envelope. 

A  ferrofluidic  seal  is  mounted  through  a  hole  in  a  vacuum  bulkhead  using 
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a  Viton  O-ring  as  a  vacuum  seal  between  the  bulkhead  and  the  body  of  the 
seal.  An  aluminum  impeller  is  mounted  on  the  rotary  seal  shaft  extending 
into  the  laser  flow  channel.  The  atmospheric  side  of  the  shaft  is  con¬ 
nected  to  the  shaft  of  a  400-Hz  motor  via  a  high-speed  flexible  coupling. 

Rogowski-prof ile  electrodes  are  mounted  to  flat  glass  plates,  and 
the  electrode  gap  is  set  to  1  cm  by  means  of  glass  spacers  at  the  outer 
ends  of  the  plates.  Preionization  wires  (0.25-mm  diam.)  positioned  at 
the  electrode  midplane  are  suspended  along  the  length  of  the  electrodes 
on  the  upstream  and  downstream  sides.  The  energy-storage  capacitor  is 
connected  to  the  discharge  cathode  through  a  low-inductance, high-voltage, 
high-vacuum  feedthrough.  A  thyratron  is  coaxially  mounted  atop  the 
energy-storage  capacitor.  A  schematic  diagram  of  the  pulser  circuit 
is  given  in  Fig.  22  of  Ref.  40. 

An  optical  cavity  is  established  at  right  angles  to  the  discharge 
and  flow  axes  as  shown  in  Fig.  17.  The  internal-mirror  mounting  con¬ 
figuration  employs  1- in. -diam.  mirrors  affixed  to  2  3/4-in.  Conflat 
flanges  which  are  bellows-mounted  to  8-in. -diam.  flanges.  A  micrometer- 
driven  pivoting  mechanism  (mounted  to  the  8-in. -diam.  flange)  is  used 
for  mirror  alignment. 

4.2  VELOCITY  PROFILE 

The  velocity  profile  in  the  discharge  region  of  the  annular-f low- 
return  laser  (AFRL)  was  measured  by  translating  a  1/16-in. -o . d .  Pitot- 
static  probe  along  the  28-cm  length  of  the  Rogowski  electrodes  at  the 
midplane  of  the  electrode  gap.  Measurements  were  made  in  atmospheric - 
pressure  air.  Data  obtained  for  the  fan  operating  at  ~  70%  of  its 
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Figure  17.  Isometric  drawing  of  closed-cycle  nnnular-f low-return  laser. 


rated  speed  are  shown  in  Fig.  18.  The  maximum  Ap  in  this  figure  corresponds 
to  a  velocity  of  156  ft/sec  which  is  approximately  the  same  velocity 
as  was  obtained  in  the  recirculating- loop  system  with  the  fan  operating 
at  100%  of  its  rated  speed  (see  Fig.  4).  It  was  not  possible  to  measure 
the  velocity  profile  in  the  AFRL  with  the  fan  operating  at  full  speed 
because  motor  overheating  activated  the  thermal  cutout  after  a  few  minutes 
of  operation.  During  intermittent  operation  at  full  speed,  velocities  of 
up  to  275  ft/sec  were  attained.  This  is  a  70%  increase  over  the  velocity 
in  the  recirculating-loop  system  and  points  up  the  superiority  of  the 
AFRL-system  flow  geometry. 

The  actual  velocity  profile  in  the  AFRL  system  is  probably  more 
uniform  than  that  shown  in  Fig.  18  which  is  influenced  by  the  geometry 
of  the  measurement  setup.  The  velocities  on  the  left-hand  side  of  the 
pro  "ile  are  depressed  due  to  blockage  of  the  flow  channel  by  the  length 
of  the  Pitot  probe.  As  the  probe  is  withdrawn  (to  the  right)  and  the 
blockage  decreases,  the  velocity  increases  leading  to  a  skewed  velocity 
profile.  The  glitch  on  the  right-hand  side  of  the  profile  is  probably 
an  artifact  due  to  flow  through  the  Pitot-probe  entrance  hole. 

4.3  DATA-ACQUISITION  SYSTEM 

In  order  to  facilitate  the  acquisition  and  reduction  of  data  for 
the  parametric  study  of  the  AFRL,  a  data-acquisition  system  was  developed 
around  an  existing  II— P  2116C  minicomputer.  The  configuration  is  shown 
In  Fig.  19.  The  boxcar  integrator,  with  a  sample  gate  of  15  nsec,  is 
swept  in  time  across  the  optical-detector  output.  The  boxcar  is  pro¬ 
vided  with  a  scan  ramp  by  the  signal  averager,  which  digitizes  and 
stores  the  boxcar  output. 
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SCREEN  ROOM  WALL 


Figure  19.  Data-acquisition  system. 


♦ 


The  digitized  optical  signal  can  be  smoothed  by  averaging  successive 
sweeps.  Ideally,  the  detector  output  should  be  fed  directly  to  the  signal 
averager.  However,  the  time  region  of  interest  is  only  ~  10  psec  wide, 
which  is  much  too  short  for  the  digitizing  circuits.  The  function  of  the 
boxcar,  therefore,  is  to  stretch  the  signal  to  manageable  levels  (>  10 
msec) . 

The  main  limitation  of  this  scheme  is  a  result  of  the  15-nsec  gate 
time.  Input-level  fluctuations  of  15  nsec  or  less  are  averaged  by 
the  boxcar  circuitry  and,  as  a  result,  the  output  is  not  a  true 
representation  of  the  input  signal.  This  appears  to  be  a  problem  only 
on  the  initial  spike  of  the  2.03-um  line.  A  spike  does  appear  on  the 
digitized  output,  but  the  height  is  less  than  that  shown  on  a  high-speed 
scope. 

A  second  limitation  of  the  system  can  be  attributed  to  the  smoothing 
capability  of  the  signal  averager.  If  a  large  number  of  sweeps  is 
averaged,  a  "clean"  signal  may  be  recorded — even  though  the  actual 
input  level  may  fluctuate  a  great  deal.  Care  must  be  taken  to  average 
a  minimal  number  of  sweeps  to  insure  that  only  electronic  noise  is 
f iltered  out . 

Time  synchronization  with  the  discharge  is  provided  by  triggering 
the  boxcar  and  signal  averager  with  a  delayed  pulse  from  the  thyratron 
discharge  circuitry.  The  digitized  data  are  passed  from  the  signal 
averager  through  the  minicomputer  to  a  data  terminal  and  stored  on  tape 
cassette  along  with  other  pertinent  data.  The  original  waveform  can  be 
recalled  later  for  display  on  the  signal-averager  CRT,  for  hard-copy 
plotting,  or  for  data  analysis. 
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4.4  LASER -PERFORMANCE/PARAMETRIC  STUDY 

Preliminary  measurements  of  the  laser  output  from  the  AFRL  indicated 
performance  superior  to  that  of  the  recirculating-loop  laser..  Measurements 
were  made  using  a  68-cm  optical  cavity  (internal  mirrors)  formed  by  a  2-m 
reflector  and  a  Si  output  flat.  A  plot  of  the  multiline,  multimode  average 
laser  output  power  as  a  function  of  repetition  rate  for  a  400-Torr,  2000:1 
He-Xe  mixture  is  shown  in  Fig.  20.  The  3  W  of  average  power  at  12  kHz  was 
the  highest  power  at  the  highest  rep  rate  achieved  to  that  date.  The  fall- 
off  in  power  at  rep  rates  above  8  kHz  was  probably  due  to  gas  heating  at 
high-power  loading  of  the  discharge  (for  example,  at  12  kHz  and  14  kV, 
the  average  power  loading  was  5.9  kW)  . 

Oscillograms  of  the  laser  output  pulses  for  the  400-Torr,  2000:1 
He-Xe  mixture  are  shown  in  Fig.  21.  These  data  were  obtained  using  a 
5-nF  capacitor  charged  to  12  kV  at  a  repetition  rate  of  1  kHz.  A  pre¬ 
viously  unreported  line  was  observed  at  5.13  p.  This  line  has  also  been 
observed  by  W.  Schuebel  (AFAL)  in  a  static  discharge.  He  identified  the 
transition  as  4f[9/2]^  -  6d[7/2]^.  This  line  was  not  observed  previously 
because  the  output -mirror  transmission  was  too  high  (83%) ;  the  present 
mirror  has  0.5%  T  at  5.13  p. 

The  effect  of  gas  temperature  upon  laser  output  is  shown  in  Fig.  22, 
which  is  a  strip-chart  recording  of  the  average  laser  output  power  as  a 
function  of  continuous  operating  time.  The  fall-off  in  output  power  with 
time  was  attributed  to  gas  heating  since  the  power  recovered  when  the 
laser  was  shut  down  and  allowed  to  cool  to  room  temperature. 

A  constant  laser  output  was  necessary  for  a  parameter  study  of  the  AFRL 
because  a  data-acquisition  time  of  1  hr  is  required  for  a  given  set  of 


58 


AVERAGE  OUTPUT  POWER  (W) 
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400TORR  He-Xe  (1000:1) 


Figure  20.  Dependence  of  average  laser  output  power 
upon  PRF  for  400-Torr  He-Xe  (1000:1) 
mixture. 
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Figure  21.  Oscillograms  of  laser  pulses  from 
annular-flow-return  laser. 
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Figure  22.  Dependence  of  average  laser  output  power  upon  continuous 
operating  time  of  annular-flow-return  laser. 


« 


parameters.  In  order  to  achieve  the  required  constant  laser  output,  the 
walls  of  the  laser  enclosure  were  cooled  to  maintain  them  near  room  tem¬ 
perature  . 

At  rep  rates  of  1  kHz  and  above,  the  He-Xe  discharge  was  found  to 
operate  satisfactorily  without  capacitive  coupling  of  the  discharge 
voltage  to  the  preionization  wires;  in  fact,  this  resulted  in  a  slight 
increase  in  laser  output  power.  The  laser  was  thenceforth  operated 
with  the  preionization  wires  floating. 

A  parametric  evaluation  of  the  performance  of  the  annular-return 
laser  was  made  for  He-Xe  mixtures  with  ratios  from  200:1  to  10,000:1  at 
pressures  from  200  to  1000  Torr.  A  CaF2  lens  was  used  to  focus  the 
laser  output  on  the  entrance  slit  of  a  Jarrell-Ash  0.5-m  Ebert  scanning 
spectrometer  equipped  with  an  infrared  grating  blazed  at  5  |i.  A  liquid- 
nitrogen-cooled  PbSnTe  detector  was  used  at  the  exit  slit.  Multiline, 
multimode  iverage  laser  output  power  was  measured  with  a  Scientech 
1-in.  disc  calorimeter  placed  ~  4  in.  from  the  laser  output  mirror. 

The  dependence  of  the  laser  output  upon  the  following  parameters 
was  investigated:  (1)  total  pressure,  (2)  He-Xe  mixture  ratio,  (3)  charg¬ 
ing  voltage,  (4)  PRF,  (5)  fan  speed,  and  (6)  gas  temperature.  All  of  the 
data  were  taken  at  a  fan  speed  of  9700  rpm  and  a  laser  wall  temperature 
near  room  temperature, unless  otherwise  indicated.  A  5-nF  energy-storage 
capacitor  was  used  throughout  the  study. 

Plots  of  discharge  breakdown  voltage  and  peak  current  as  a  function 
of  charging  voltage  are  shown  in  Figs.  23-26.  The  discharge  voltage  was 
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BREAKDOWN  VOLTAGE  (kV) 


He-Xe  ( 10,000  =  I ) 
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□  800  Torr 
O  600  Torr 
A  400  Torr 
•  200  Torr 


CHARGING  VOLTAGE  ( kV) 


Figure  23.  Dependence  of  discharge  breakdown  voltage  upon  charging 
voltage  for  a  10,000:1  He-Xe  mixture  at  pressures  from 
200  to  1000  Torr. 
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Figure  24.  Dependence  of  discharge  breakdown  voltage  upon  charging 
voltage  for  He-Xe  mixtures  from  200:1  to  10,000:1  at  a 
pressure  of  1000  Torr. 
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PEAK  CURRENT  (kA) 


He-Xe  (10,000  -1) 

O  1000  Torr 
□  800  Torr 
O  600  Torr 
A  400  Torr 
•  200  Torr 


CHARGING  VOLTAGE  ( kV) 

Figure  25.  Dependence  of  peak  discharge  current  upon  chargin'*  voltage 
for  a  10,000:1  He-Xe  mixture  at  pressures  from  200  to  1000 
Torr. 
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Figure  26.  Dependence  of  peak  discharge  current  upon  charging  voltage 
for  He-Xe  mixture  at  pressures  from  200:1  to  10,000:1  at  a 
pressure  1000  Torr. 
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Measured  with  a  Tektronix  P  6013A  high-voltage  probe  and  the  current 
with  a  Pearson  Model  411  current  transformer  which  surrounded  the  anode 
lead.  A  Tektronix  7904  oscilloscope  was  used  to  display  the  pulses 
thus  recorded.  The  data  were  obtained  at  a  PRF  of  5  kHz.  A  saturation 
in  discharge  overvoltage  at  a  level  which  increased  with  increasing 
pressure  is  evident  in  Fig.  23.  Deviation  from  the  45-degree  line 
indicates  that  the  risetime  of  the  applied  voltage  exceeded  the  dis¬ 
charge  formative  time  lag,"'^  resulting  in  breakdown  at  a  level  below 

the  full  capacitor-charge  voltage.  The  breakdown  voltages  were  lower 

40 

than  those  obtained  using  a  2-nF  capacitor,  indicating  a  slower 
voltage  risetime  due  to  higher  inductance  of  the  pulser  circuit. 
Although  the  breakdown  voltage  tended  to  saturate  with  increasing 
charging  voltage,  the  peak  discharge  current  increased  approximately 
linearly  with  charging  voltage.  In  general,  the  discharge  current 
increased  with  decreasing  pressure  and  increasing  Xe  concentration. 

The  effect  of  gas  temperature  upon  laser  output  is  illustrated 
in  Fig.  27.  The  falloff  in  laser  output  power  with  increasing  wall 
(gas)  temperature  is  probably  due  to  the  reduced  recombination  at 
higher  temperature.  Recombination  pumping  of  upper  laser  levels  is 
probable  for  He-Xe  mixtures. ^  The  data  of  Fig.  27  were  obtained 
by  cooling  the  laser  end  flanges  and  body  with  liquid  nitrogen  to 
the  lowest  temperature  achievable  and  then  permitting  the  laser  to 
warm  up  while  monitoring  the  laser  output.  During  the  parameter 
study,  the  laser  wall  temperature  was  maintained  near  room  tempera¬ 
ture  by  means  of  liquid-nitrogen  cooling.  The  slow  thermal  response 
and  poor  heat  transfer  of  the  stainless  steel  wall  resulted  in 
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Figure  27.  Dependence  of  average  laser  output  power  upon  wall 
temperature . 
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temperature  variations  of  up  to  8°C,  with  varying  discharge  loading  con¬ 
ditions.  An  internal  copper  heat  exchanger  will  be  required  to  achieve 
a  more  constant  laser  output. 

The  laser  output  pulses  from  the  various  He-Xe  mixtures  at  pressures 
from  200  to  1000  Torr  are  shown  in  Figs.  28-33.  These  data  were  obtained 
at  a  PRF  of  5  kHz  and  a  capacitor  charging  voltage  of  12  kV  and  were 
processed  by  the  pulse-digitizer  system  described  in  Section  4.3.  At 
the  appropriate  pressures  and  He-Xe  mixture  ratios,  lasing  is  simultaneous 
on  the  5d-6p  (2.03  and  2.65  y),  7p-7s  (3.05,  3.43,  3.65,  and  4.02  y), 
5d'-6p'  (3.87  y),  and  4f-6d  (5.13  and  5.44  y)  transitions.  The  5.44-y 
pulse  has  not  been  observed  previously  and  is  tentatively  identified 
as  the  4f[9/2]^  -  6d[7/2]°  transition.  Figures  28-33  provide  a  com¬ 
parison  of  the  temporal  responses  of  the  laser  pulses  (but  not  of  the 
pulse  heights  because  the  wavelength  response  of  the  grating  and  detector 
is  uncalibrated) . 

The  dependence  of  the  peak  laser  output  at  each  wavelength  upon 
charging  voltage  is  shown  in  Fig.  34  for  a  500:1  He-Xe  mixture  at  a 
pressure  of  400  Torr  and  a  repetition  rate  of  5  kHz.  The  domination 
of  the  2.03-  and  3.43-y  pulses  is  even  greater  than  that  which  is 
apparent  in  the  figure  because  the  grating  and  detector  responses 
degrade  with  wavelengths  less  than  5  and  10  y,  respectively.  The 
curves  indicate  a  maximum  charging  voltage  of  -  9  kV  beyond  which 
peak- laser-output  efficiency  decreases  rapidly. 

The  dependence  of  the  peak  laser  output  at  each  wavelength  upon 
total  pressure  is  shown  in  Figs.  35-40  for  He-Xe  mixtures  with  ratios  from 
200:1  to  10,000:1.  These  data  were  obtained  at  a  charging  voltage  of 
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Figure  28.  Laser  pulses  obtained  for  a  200:1  He— Xe  mixture  at  pressures  from  2 
Abscissa  is  0-11  ps  except  for  4.02  p  which  is  0-22  ps. 
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r  pulses  obtained  for  a  5000:1  He-Xe  mixture  at  pressures  from 
issa  Is  0-11  ps  except  for  4.02  p  which  is  0-22  ps. 
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Figure  37.  Pressure  dependence  of  peak,  output  of  laser 
pulses  from  a  1000:1  He-Xe  mixture. 
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Figure  38.  Pressure  dependence  of  peak  output  of  laser  pulses 
from  a  2000:1  He-Xe  mixture. 
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PEAK  LASER  OUTPUT  (ARB.  UNITS 


Figure  39.  Pressure  dependence  of  peak  output  of  laser  pulses 
from  a  5000:1  He-Xe  mixture. 
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12  kV  and  a  repetition  rate  of  5  kHz.  There  is  considerable  difference 
in  the  conditions  which  are  favorable  for  the  generation  of  the  various 
wavelengths.  For  example,  2.03  and  3.43  t  tend  to  dominate  the  output 
at  low  total  pressure  and  high  Xe  concentration,  whereas  2.65  and  3.65  p 
are  the  strongest  pulses  at  high  total  pressure  and  low  Xe  concentra¬ 
tion. 

The  dependence  of  the  average  laser  output  power  upon  charging 
voltage  at  pressures  from  200  to  1000  Torr  is  shown  in  Figs.  41-46  for 
He- Xe  mixtures  with  ratios  from  200:1  to  10,000:1.  These  data  were 
obtained  at  a  repetition  rate  of  5  kHz.  These  data  indicate 
that  the  maximum  average  power  occurs  at  a  mixture  ratio  of  500:1, 
a  pressure  of  600  Torr,  and  a  charging  voltage  of  17  kV  or  above. 

Plots  of  average  laser  output  power  as  a  function  of  repetition 
rate  at  pressures  from  200  to  1000  Torr  are  shown  in  Figs.  47-52  for  He-Xe 
mixtures  with  ratios  from  200:1  to  10,000:1.  These  data  were  obtained  at 
a  charging  voltage  of  12  kV.  Ideally,  these  plots  should  be  straight 
lines,  indicating  a  constant  energy  per  pulse  as  the  repetition  rate 
is  increased.  As  can  be  seen  from  the  figures,  none  of  the  curves 
is  linear  over  the  1-12  kHz  region.  The  output  power  appears  to  be 
depressed  at  low  repetition  rates  (<  6  kHz).  This  depression  is 
greatest  at  high  pressure  and  low  Xe  concentration.  A  clue  as  to 
the  reason  for  this  behavior  can  be  obtained  from  Figs.  53  and  54  in 
which  average  laser  output  power  is  plotted  as  a  function  of  fan 
speed.  The  parametric-evaluation  data  already  presented  were 
obtained  at  a  fan  speed  of  7  on  these  scales.  The  data  of  Fig.  53 
show  that  at  5  kHz,  a  substantial  decrease  in  output  power 
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MICROCOPY  RESOLUTION  TEST  CHART 
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Figure  41.  Dependence  of  average  laser  output  power  upon  charging 
voltage  for  a  200:1  He-Xe  mixture  at  pressures  from 
200  to  1000  Torr. 
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Figure  42.  Dependence  of  average  laser  output  power  upon  charging 
voltage  for  a  500:1  He-Xe  mixture  at  pressures  from 
200  to  1000  Torr. 
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Figure  45.  Dependence  of  average  laser  output  power  upon  charging 
voltage  for  a  5000:1  He-Xe  mixture  at  pressures  from 
200  to  1000  Torr. 
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CHARGING  VOLTAGE  (kV) 

Figure  46.  Dependence  of  average  laser  output  power  upon  charging 
voltage  for  a  10,000:1  He-Xe  mixture  at  pressures  from 
200  to  1000  Torr. 
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AVERAGE  OUTPUT  POWER  (W) 
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Figure  47.  Dependence  of  average  laser  output  power  upon  PRF  for 
a  200:1  He-Xe  mixture  at  pressures  from  200  to  1000 
Torr. 
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Figure  48.  Dependence  of  average  laser  output  power  upon  PRF  for  a 
500:1  He-Xe  mixture  at  pressures  from  200  to  1000  Torr. 
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Figure  49.  Dependence  of  average  laser  output  power  upon  PRF  for  a 
1000:1  He-Xe  mixture  at  pressures  from  200  to  1000  Torr. 
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Figure  50.  Dependence  of  average  laser  output  power  upon  PRF  for  a 
2000:1  He-Xe  mixture  at  pressures  from  200  to  1000  Torr. 
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Figure  51.  Dependence  of  average  laser  output  power  upon  PRF  for  a 
5000:1  He-Xe  mixture  at  pressures  from  200  to  1000  Torr. 
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Figure  52,  Dependence  of  average  laser  output  power  upon  PRF  for  a 
10,000:1  He-Xe  mixture  at  pressures  from  200  to  1000 
Torr. 
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occurs — at  600-1000  Torr — as  fan  speed  is  increased  beyond  5  (7300  rpm)  . 
Similar  behavior  is  obvious  in  Fig.  54  for  mixture  ratios  greater  than 
1000:1  at  a  pressure  of  1000  Torr  and  a  repetition  rate  of  5  kHz.  The 
data  of  Figs.  53  and  54  demonstrate  a  severe  depression  of  output  power 
under  conditions  of  high  pressure,  low  Xe  concentration,  high  flow  speed, 
and  low  repetition  rate.  This  behavior  could  indicate  that  a  uniform 
discharge  is  dependent  upon  sufficient  preionization  from  the  residual 
ionization  of  the  previous  discharge  pulse  and  that  this  occurs  only 
under  certain  conditions  of  total  pressure,  Xe  concentration,  flow 
speed,  and  repetition  rate. 

The  pressure  dependence  of  the  average  laser  output  power  is  shown 
in  Fig.  55.  The  optimum  pressure  for  maximum  output  power  is  in  the 
region  400-500  Torr.  The  shift  to  higher  pressure  of  the  output-power 
maximum  for  the  5000:1  and  10,000:1  curves  probably  reflects  the  higher 
pressure  required  to  attain  a  given  number  of  Xe  atoms  at  the  reduced 
Xe  concentration. 

The  long-lifetime  performance  of  the  laser  is  demonstrated  by  the 
data  of  Fig.  56.  The  laser  was  operated  continuously  for  8  hr.  at  5  kHz 

g 

(1.4  *  10  pulses)  under  sealed-off  conditions  with  no  addition  of  make¬ 
up  gas.  During  this  time  there  was  no  degradation  of  the  1-W  laser  out¬ 
put  power. 

Following  the  parameter  study,  the  laser  was  opened  to  atmosphere, 
whereupon  it  was  found  that  the  discharge  cathode  had  dropped  about  1  mm 
from  its  mounting  plate,  resulting  in  an  interelectrode  gap  of  0.9  cm. 
Upon  disassembly  of  the  laser,  it  was  found  that  the  Macor  screws  holding 
the  cathode  to  the  Pyrex  plate  had  fractured.  One  of  the  screws  was 
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Figure  56.  Dependence  of  average  laser  output  power  upon  continuous 
operating  time. 


partially  melted  and  showed  other  evidence  of  intense  arcing  through 
the  vent  hole  in  its  center.  Only  the  200:1  He-Xe  data  appear  to  have 
been  affected  by  the  drop  of  the  cathode,  and  these  data  should  bo  viewed 
as  inaccurate. 

When  the  internal  mirrors  were  removed  from  the  laser,  the  reflective 
coatings  appeared  to  be  clouded.  The  transmittance  of  the  partially  trans¬ 
mitting  flat  was  measured  from  1600  to  5600  nra  by  C.  DeJoseph  (AFWAL/APL) 


using  a  Fourier  Transform 

Spectrometer. 

The  measurements 
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The  change  in  transmittance  characteristics  may  be  the  result  of  irradia¬ 
tion  of  the  mirror  by  UV  from  the  discharge. 

4.5  OPERATION  WITH  HY-5312  THYRATRON 

In  order  to  reduce  inductance  in  the  pulser  circuit  and  decrease 
voltage  and  current  risetimes,  the  HY-5  thyratron  was  replaced  by  an 
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HY-5312  thyratron.  This  tube  has  a  water-cooled  anode  to  facilitate 
high-rep- rate  operation  and  an  auxiliary  grid  which  can  be  used  to 
trigger  commutation.  Higher  di/dt  is  achieved  when  the  auxiliary  grid 
rather  than  the  control  grid  is  triggered.  The  tube  also  has  a  tightly 
coupled  current  return  to  minimize  inductance.  The  thyratron  enclosure 
was  pressurized  with  SF^  to  ~  5  psig  to  provide  sufficient  voltage  hold- 
off  between  the  thyratron  and  the  current  return.  Figure  57  is  a  photo¬ 
graph  of  the  annular-return  laser  with  the  HY-5312  in  place. 

Since  the  HY-5312  requires  a  gradual  increase  of  cathode  and  reser¬ 
voir  temperature  during  turn-on  and  DC  bias  on  both  grids  during  operation, 
a  heater  control  and  bias  system  was  constructed;  a  schematic  of  this 
system  is  shown  in  Fig.  58.  Heater  and  bias  potentials  are  controlled 
with  variable  transformers.  Panel  meters  provide  voltage  and  current 
readouts.  Power  to  all  circuits  is  routed  through  a  latching  relay  which 
is  tripped  in  the  event  of  a  thermal  overload  of  the  thyratron.  The 
entire  thyratron  heater  and  bias  system  operates  from  a  115-V,  400-Hz 
input.  The  bias  circuits  are  designed  to  provide  a  positive  bias  of 
up  to  300  V  on  the  auxiliary  grid  (grid  closest  to  cathode)  in  order 
to  maintain  a  distributed  low-level  discharge  near  the  cathode  and  to 
provide  a  negative  potential  of  up  to  150  V  on  the  control  grid  in 
order  to  hold  off  commutation.  A  positive-going  pulse  of  -  1500  V 
is  applied  to  the  control  grid  when  switch-on  is  desired. 

The  command- charging  pulse-control  circuitry  was  modified  and 
expanded.  A  frequency  counter  and  peak-reading  digital  panel  meter 
were  added  in  order  that  repetition  rate  and  energy-storage-capacitor 
charging  voltage  could  be  displayed  on  the  front  panel  of  the  newly 
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Figure  57.  Photograph  of  closed-cycle  annular-flow-return 
laser. 
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constructed  control  box.  Figure  59  is  a  schematic  of  the  modified  charge- 
pulse  train. 

Figures  60  and  61  are  schematic  diagrams  of  the  f-counter  and  the 
panel  meter.  The  resolution  of  the  f-counter  is  10  Hz,  but  a  constant 
zero  has  been  added  to  the  readout  for  a  display  in  Hertz.  The  digital- 
panel-meter  integrated  circuit  monitors  the  output  of  a  sample-and-hold 
module  which  samples  the  potential  of  the  laser  energy-storage  capacitor 
for  ~  6  usee  prior  to  thyratron  closure. 

A  comparison  of  the  current  and  voltage  pulses  obtained  using  the 
HY-5  and  HY-5312  is  shown  in  Fig.  62  for  a  600-Torr,  500:1  He-Xe  mixture 
at  a  charging  voltage  of  12  kV.  Although  there  is  little  difference  in 
risetime  or  pulsewidth,  the  peak  values  of  current  and  voltage  achieved 
with  the  HY-5312  were  greater  than  those  achieved  with  the  HY-5  by  8% 
and  35%,  respectively.  Average  laser  output  power  data  from  1  to 
12  kHz  was  in  good  agreement  with  data  obtained  previously  when  an  HY-5 
rather  than  an  HY-5312  thyratron  was  used.  A  comparison  of  these  data 
is  shown  in  Fig.  63. 

Although  the  presence  of  impurities  in  a  He-Xe  laser  discharge  has 
been  assumed  to  be  detrimental  to  laser  performance,  experimental  con¬ 
firmation  of  this  assumption  was  lacking.  In  order  to  investigate 
the  effect  of  impurities  upon  He-Xe  laser  output,  1  Torr  of  was  added 
to  600  Torr  of  He-Xe  (500:1).  This  increased  the  laser  output  from  0.39 
to  0.4  W  at  a  repetition  rate  of  2  kHz  and  a  charging  voltage  of  12  kV. 

The  addition  of  5  Torr  of  Hg  initially  increased  the  laser  output  to 
0.42  W,  but  then  the  output  decreased  with  time  as  shown  in  Fig.  64.  About 
two  hours  after  these  data  were  taken,  the  laser  was  restarted,  and 
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Figure  62.  Oscillograms  of  discharge  current  and  voltage  pulses 
using  (a)  HY-5  and  (b)  HY-5312  thyratrons. 
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Figure  63.  Comparison  of  He-Xe  laser  outputs  obtained 
using  HY-5  and  HY-5312  thyratrons. 
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the  laser  output  power  was  0.06  W.  The  addition  of  1  Torr  of  ^  to 
600  Torr  He-Xe  (500:1)  did  not  change  the  0.43-U  output.  The  addition 
of  5  Torr  of  N2>  however,  immediately  reduced  the  output  to  0.23  W, 
which  decreased  further  with  time  as  seen  in  Fig.  64.  A  more  thorough 
study  is  required  to  determine  quantitatively  the  effect  of  various 
impurities  upon  laser  output. 

High-pressure  pulsed  laser  action  in  the  rare  gases  has  been 
51  52 

reported  by  Woo d,  et_  al. ,  and  Chapovsky,  ej:  al. ,  for  single-shot 
or  low-repetition-rate  (3~Hz)  operation.  This  motivated  a  brief 
investigation  of  the  high-repetition-rate  laser  performance  of  various 
rare-gas  mixtures  in  the  AFRL.  Lasing  was  achieved  in  He-Ar  mixtures 
at  1.79,  2.2,  and  2.4  y  and  in  He-Kr  mixtures  at  1.78,  2.19,  2.52, 
and  3.06  u.  Plots  of  the  average  laser  output  power  as  a  function 
of  the  amount  of  Ar  or  Kr  added  to  1000  Torr  of  He  are  shown  in 
Fig.  65.  The  data  were  obtained  at  a  repetition  rate  of  10  kHz 
and  a  charging  voltage  of  12  kV  for  He-Ar  and  10  kV  for  He-Kr. 

Higher  output  power  is  to  be  expected  at  higher  voltage  and  total 
pressure.  For  example,  in  Ref.  52  a  peak  power  of  200  kW  was  achieved 
at  1.79  y  for  a  5-atm.  He-Ar  mixture  and  a  charging  voltage  of  35  kV. 

Uniform  glow  discharges  in  high-pressure  Ar-Xe  mixtures  were 
achieved  over  a  limited  range  of  pressure,  repetition  rate,  and 
charging  voltage  using  a  5-nF  capacitor  switched  by  the  HY-5312 
thyratron.  This  indicates  improved  pulser  performance  with  the 
use  of  the  HY-5312  rather  than  an  HY-5  thyratron,  since  uniform 
discharges  could  not  be  attained  with  an  HY-5  switched  5-nF  capaci¬ 
tor.  Lasing  was  achieved  in  Ar-Xe  mixtures  at  1.73,  2.03,  2.63, 
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Figure  65.  Dependence  of  laser  output  power  upon  amount 
of  Ar  and  Kr  added  to  1000-Torr  He. 
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2.65,  3.11,  3.37,  and  5.57  u.  The  dependence  of  average  laser  output 
power  upon  charging  voltage  is  shown  in  Fig.  66.  Discharge  arcing 
limited  the  charging  voltage  to  a  maximum  of  6  kV.  Obviously,  opera¬ 
tion  at  higher  total  pressure  is  desirable,  but  discharge  arcing  becomes 
more  probable  as  pressure  is  increased.  The  dependence  of  average  laser 
output  power  upon  repetition  rate  is  shown  in  Fig.  67.  Discharge  arcing 
prevented  operation  above  6  kHz.  Decreasing  the  pulser  inductance  and 
risetime  should  enable  operation  at  higher  pressure,  charging  voltage, 
and  repetition  rate  which  would  increase  the  laser  output  significantly. 

Lasing  was  achieved  in  Ne-Xe  mixtures  at  2.03,  2.63,  2.65,  3.51, 

3.65,  and  5.57  y.  The  dependence  of  average  laser  output  power  upon 
repetition  rate  for  a  1000-Torr,  170:1  Ne-Xe  mixture  and  a  charging 
voltage  of  2.5  kV  is  shown  in  Fig.  68.  Laser  output  decreased  for 
charging  voltages  above  3  kV.  Since  the  supply  of  Ne  was  quite  small, 
no  other  mixtures  could  be  evaluated. 

After  obtaining  the  Ne-Xe  data,  the  laser  was  partially  evacuated 
and  refilled  with  He  and  Xe  to  give  a  1000  Torr  He-Ne-Xe  (500:500:4.4) 
mixture.  A  plot  of  the  repetition-rate  dependence  of  the  average  laser 
output  power  for  this  mix  is  shown  in  Fig.  69.  The  highest  average 
power  generated  by  the  AFRL  to  that  date  was  3.99  W  at  13  kHz.  The 
lasing  wavelengths  were  2.03,  2.65,  and  3.65  u ;  the  2.03-y  line  was 
strongest. 

In  order  to  investigate  rare-gas-laser  performance  at  pressures 
higher  than  1000  Torr,  the  1000-Torr  capacitance-manometer  head  was 
replaced  with  a  10,000-Torr  head.  The  maximum  operating  pressure  was 
then  dictated  by  the  2-atm.  pressure  limitation  on  the  ferrofluidic 
seal. 
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Figure  67.  Dependence  of  Ar-Xe  laser  output  power  upon  PRF. 
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Figure  68.  Dependence  of  Ne-Xe  laser  output  power  upon  PRF. 
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Figure  69.  Dependence  of  He-Ne-Xe  laser  output  power  upon  PRF. 
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The  pressure  dependence  of  the  average  laser  output  power  for  a 
100:1  He-Xe  mixture  is  shown  in  Fig.  70  for  charging  voltages  of  5, 

10,  and  15  kV.  As  the  charging  voltage  is  increased,  the  output  power 
increases  and  the  maximum  output  power  shifts  to  higher  pressures. 

These  data  indicate  that  operation  of  the  He-Xe  laser  at  high  voltage 
and  pressure  is  required  to  achieve  maximum  output  power. 

Although  the  He-Xe  laser  output  power  increases  with  increasing 
pressure  and  voltage,  the  peak  laser  efficiency  decreases.  This  is 
illustrated  by  the  plots  of  efficiency  as  a  function  of  charging  voltage 
at  various  pressures  shown  in  Fig.  71.  The  peak  laser  efficiency 
decreases  in  magnitude  and  shifts  to  higher  voltage  as  the  pressure 
is  increased.  At  the  highest  voltages,  however,  the  efficiency 
increases  with  increasing  pressure;  therefore,  at  the  "usual"  operat¬ 
ing  voltage  for  the  AFRL  of  12  kV,  efficiency  increases  up  to  1400 
Torr  and  above. 

In  order  to  determine  the  AFRL  system  limitations  during  operation 
at  high  average  power  levels,  the  repetition  rate  was  increased  to  a 
maximum  at  the  highest  charging  voltage  (16  kV)  possible  with  the  present 
power-conditioning  setup.  The  repetition-rate  dependence  of  the  average 
laser  output  power  from  a  1200-Torr  He-Xe  (100:1)  mixture  is  shown  in 
Fig.  72.  The  5.1  W  of  laser  output  at  9.5  kHz  is  the  highest  output 
generated  by  the  AFRL  to  date.  Discharge  arcing  prevented  opera¬ 
tion  at  9.5  kHz  for  more  than  a  few  seconds.  Sustained  operation  above 
6  kHz  was  not  possible  because  the  water  which  cools  the  thyratron  anode 
was  boiling.  An  increased  cooling-water  flow  rate  will  be  required  to 
avoid  this  boiling  and  permit  continuous  operation  at  high  average 
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He-Xe  (100*1) 
PRF  =  5  kHz 
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Figure  70.  Dependence  of  He-Xe  (100:1)  laser  output  power  upon 
total  pressure  at  various  charging  voltages. 
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Figure  71.  Dependence  of  He-Xe  (100:1)  laser  efficiency  upon 
charging  voltage  at  various  pressures. 


1200  Torr  He-Xe  ( 100  *.  I) 
CHARGING  VOLTAGE  *  16  kV 


PRF(kHz) 

Figure  72.  Dependence  of  He-Xe  (100:1)  laser  output  power  upon  PRF. 


119 


« 


power  levels.  Also,  a  heat  exchanger  will  be  required  to  remove  the 
6  kW  (at  9.5  kHz)  of  average  power  generated  by  the  energy-storage 
capacitor . 

Under  the  conditions  given  in  Fig.  72,  only  the  2.03-,  2.65-, 
and  3.65-y  lines  were  lasing.  Under  the  assumption  of  1-ys  laser 
pulse  length,  a  total  peak  laser  output  power  of  ~  500  W  results. 

The  2.03-u  line  is  strongest  with  ~  400-W  peak  power. 
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SECTION  V 


CLOSED-CYCLE  XeCl  LASER 

During  the  last  four  years,  rare-gas-halide  (RGH)  lasers  have  been 
developed  to  the  point  where  they  show  promise  of  yielding  energy  densi¬ 
ties  and  efficiencies  comparable  to  those  of  high-power  CC^  lasers. 

Perhaps  the  most  important  shortcoming  of  RGH  lasers  is  a  rapid  degrada¬ 
tion  of  output  power  with  operating  time  due  to  discharge- induced  forma¬ 
tion  of  contaminant  species.  This  severely  limits  the  usefulness  of  RGH 
lasers,  particularly  under  the  closed-cycle,  fast-transverse-flow  condi¬ 
tions  required  for  high-rep-rate  (high-average-power)  operation. 

The  best  RGH  laser  lifetime  performance  reported  to  date  is  for  the 
38 

XeCl  laser.  This  potential  for  long-life  operation  coupled  with  demon¬ 
strated  efficient  lasing  and  the  relatively  benign  character  of  the  halogen 
donor  and  discharge  reaction  products  prompted  the  choice  of  XeCl  for 
closed-cycle  operation  in  the  recirculating  loop.  The  loop  will  be  modi¬ 
fied  by  adding  flow  transitions  to  accommodate  a  50-cm  discharge  length 
as  shown  in  Fig.  73.  The  inlet,  discharge,  and  diffuser  channels  have 
been  fabricated  from  304-L  stainless  steel.  The  inlet  and  diffuser  are 
2-ft.  long;  the  discharge  section  is  1-ft.  wide  and  accommodates  50-cm- 
long  electrodes  mounted  to  demountable  insulating  plates.  The  discharge 
will  be  excited  by  pulse-charged  cables  which  are  thyratron-switched 
across  a  profiled  cathode  opposing  a  screened  anode  illuminated  by  UV 
from  a  spark  array. 

A  Chang-profile  cathode  will  be  employed  for  the  XeCl  laser  discharge. 
A  set  of  programs  was  developed  for  an  HP  2116C  minicomputer  to  calculate 
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the  coordinates  of  a  uniform-field  electrode  based  upon  the  conformal 

53 

transformation  of  Chang.  An  electrode  designed  to  provide  a  uniform 

2 

field  (<  1.5%  maximum  deviation)  over  a  1  *  25  cm  area  for  a  1-cm  spacing 
from  an  infinite  plane  was  fabricated  on  a  numerically  controlled  milling 
machine.  Instructions  for  the  machining  operation  using  a  ball-end  mill 
were  transferred  to  the  machine  by  means  of  punched  paper  tape. 

The  Chang  profile  is  superior  to  the  Rogowski  profile"^  in  smoothness, 
compactness,  and  field  uniformity.  The  Rogowski  profile  is  actually  made 
up  of  three  unsmoothly  joined  segments  taken  from  an  infinitely  wide  analy¬ 
tic  profile,  whereas  Chang's  expression  is  a  continuous  function  considering 
an  electrode  of  finite  width.  The  Chang  profile  is  also  superior  to  the 

Bruce  and  Harrison  profiles,  and  the  electric-field  expression  approximates 

53 

that  of  Felici  to  the  first  order.  Due  to  the  relative  simplicity  of  the 
Chang  equations,  three-dimensional  UFE  profiles  can  be  calculated,  although 
this  feature  was  not  incorporated  into  the  routines.  The  end  points  of  the 
fabricated  electrode  have  the  same  profile  as  the  sides.  A  refinement  in 
end-point  calculations  could  be  made, although  it  would  complicate  and 
lengthen  the  machining  operation. 

Preionization  of  the  discharge  volume  will  be  accomplished  via  UV 
photoionization.  The  source  will  be  bare  spark  gaps  located  ~  0.5  cm 
behind  the  transparent  anode,  in  the  laser-gas  environment,  and  will  be 
electrically  isolated  from  the  discharge.  This  electrical  isolation  will 
permit  a  variable  time  delay  between  preionization  and  main-discharge 
energy  deposition.  It  is  expected  that  the  optimum  timing  will  vary, 
depending  upon  the  type  of  chlorine  donor,  concentrations  of  the  various 
gas  constituents,  levels  of  energy  deposition,  pulse  repetition  rate, 
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and  possibly  the  number  of  previous  pulses.  The  physical  location  of  the 
spark  sources  dictates  that  the  ionizing-gas  constituents  be  fairly  trans¬ 
parent  to  UV  radiation.  Initially,  modified  spark  plugs  will  be  used  as 
the  spark  source,  but  the  system  mechanical  design  is  sufficiently  flexible 
to  permit  future  installation  of  a  more  optimal  configuration. 

The  choice  of  a  chlorine  donor  involves  consideration  of  three  main 
factors:  (1)  adequate  Cl  concentration,  (2)  interference  of  the  donor 
molecule  or  its  fragments  with  laser  action,  and  (3)  ease  of  use  in  a 
practical  system.  The  relative  success  of  numerous  donors’*'*  indicates 
that  the  Cl  number  density  is  generally  not  a  limiting  factor;  therefore, 
the  first  requirement  appears  to  be  easily  satisfied. 

The  second  factor  is  difficult  to  predict.  The  CI2  molecule  not  only 
absorbs  at  the  XeCl  laser  wavelength  (~  308  nm)  but  also  promotes  discharge 

instabilities.  Candidate  compounds  of  CCl^,  HC1,  and  BCl^  do  not  absorb  at 
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308  nm  and  do  not  appear  to  adversely  affect  the  discharge.  *  The  effect 
of  fragments,  however,  is  another  matter.  Good  short-term  success  of  a 
Xe:BCl^  mixture  has  been  reported"***  in  a  fast  discharge,  but  lifetime  data 
are  not  available. 

Sze  and  Scott  suggest  a  potentially  long  lifetime  using  an  HC1 

donor. ^  In  this  case,  it  is  postulated  that  CI2  molecules  formed  by 

HC1  fragments  are  photodissociated  by  the  308-nm  laser  wavelength  to 

form  free  Cl  which,  upon  collision  with  an  Hj  molecule,  forms  HC1*.  In 

58 

essence,  the  HC1  donor  and  fragments  form  a  recycling  loop.  Burnham 
shows  a  25%  drop  in  output  power  over  the  first  20  pulses  but  less  than  a 
1%  change  over  the  next  1000.  However,  the  results  of  Burlamacchi  and 
Salimbeni'*'*  indicate  that  this  reaction  is  not  entirely  closed.  They 

i 
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report  about  15,000  shots  to  half-power  using  HC1  and  various  hydrocarbons. 

59 

Burlamacchi,  et  al . ,  report  180,000  shots  to  half-power  accomplished  with 

o 

a  Xe:CCl^  mixture  circulating  in  the  presence  of  3-A  molecular  seive.  The 

OQ 

best  XeCl  laser  lifetime  performance  has  been  reported  by  Miller,  et  al. , 
who  achieved  a  laser  output  of  greater  than  11  W  at  250  Hz  for  2.5  hr 
(2.25  x  10^  shots)  using  a  He:Xe:HCl  mixture. 

In  summary,  chlorine- donor  fragments  appear  to  affect  the  lifetime  of 
a  XeCl  electric-discharge  excimer  laser  adversely.  Accurate  gas-analysis 
data,  however,  are  lacking.  The  reported  decay  of  output  power  could  be 
greatly  affected  by  the  presence  of  impurities.  The  closed-cycle  XeCl 
laser  shown  in  Fig.  73  will  provide  a  low  background  impurity  level.  By 
analyzing  the  gas  as  a  function  of  the  number  of  discharge  pulses,  more 
insight  can  be  gained  into  the  conditions  required  for  long-lifetime  laser 
operation. 

On  the  basis  of  reported  results,  the  best  Cl  donor  candidates  for 
the  proposed  system  are  CCl^,  HC1,  and  BCly  Arc-free  excitation  in  the 
presence  of  BCl^  appears  to  require  a  very  fast  risetime  discharge  (-  20  ns) , 
whereas  slower  risetimes  are  tolerable  with  CCl^  and  HC1,  both  of  which  can 
be  handled  without  resorting  to  exotic  plumbing  schemes,  although  the  HC1 
is  reactive  in  the  presence  of  water.  Therefore,  CCl^  will  be  used 
initially,  with  HC1  being  the  second  choice.  The  fill  gas  will  be 
exhausted  to  the  atmosphere  through  a  chemical  pump  and  scrubber. 

At  present,  the  gas- recirculation  fan  is  externally  driven  through 
a  ferrofluidic  rotary  vacuum  seal.  The  possibility  of  seal  damage  by 
corrosive  gases  led  to  the  search  for  a  completely  sealed  drive  mechanism. 
Torque  could  be  magnetically  coupled  into  the  gas-recirculation  loop  by 
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means  of  external  rotating  magnets  driving  internal  magnets  connected  to 
the  impeller.  An  alternative  to  this  would  be  a  "canned  motor"  which  is 
basically  a  polyphase  induction  motor  with  the  stator  windings  located 
external  to  the  gas  loop.  In  both  cases,  the  magnetic  field  would  be 
coupled  through  a  thin  stainless-steel  shell,  alleviating  the  need  for 
a  rotary  mechanical  seal.  In  order  to  preserve  high-vacuum  integrity, 
however,  the  internal  magnets  or  windings  must  exhibit  low  outgassing 
and  be  bakeable.  This  constraint  is  not  insurmountable  if  the  bakeout 
temperature  can  be  limited  to  ~  150°C. 

The  bearings  which  support  the  impeller  shaft  must  also  be  high- 
vacuum  compatible.  Ideally,  airfoil  or  magnetic  bearings  should  be 
used.  Airfoils  impose  limitations  on  the  allowable  gas-density  range, 
which  would  restrict  the  system  flexibility.  Magnetic-bearing  systems 
are  more  practical,  but  use  of  commercially  available  units  would  result 
in  exposure  of  the  gas  flow  to  varnished  copper  coils  and  bare  iron. 

One  manufacturer  has  given  an  informal  estimate  of  the  cost  of  a  spe¬ 
cially  designed  vacuum-compatible  motor  and  magnetic  bearing  system; 
but  at  this  time,  the  cost  is  prohibitively  high. 
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SECTION  VI 


UV  PRE IONIZATION 

6.1  PHOTOABSORPTION  AND  PHOTOIONIZATION  OF  LASER  SEEDING  AGENTS 

The  possibility  arose  of  systematic  error  in  our  previous  measure- 
40 

ments  of  photoabsorption  cross  sections  and  photoionization  efficiencies. 
At  the  low  ionization-chamber  pressures  (0.02  -  0.3  Torr)  employed,  the 
electron  mean  free  path  may  have  been  sufficiently  large  to  permit  elec¬ 
trons  to  gain  enough  energy  to  cause  additional  ionization.  This  Townsend 
amplification  could  have  resulted  in  ion-chamber  currents  larger 
than  those  due  to  photoionization  alone.  Plots  of  ion-chamber  current  as 
a  function  of  retarding  potential  were  repeated,  verifying  that  there  was 
not  a  well-defined  plateau  region. 

Two  sets  of  measurements  of  ionization  efficiency  and  absorption 
cross  section  were  repeated  for  tri-n-propylamine,  one  set  made  at 
the  original  retarding  potential  and  the  other  at  18%  of  the  original. 

If  Townsend  amplification  had  been  significant,  measurements  at  the 
lower  electric  field  would  have  yielded  decreased  ionization-efficiency 
values.  Moreover,  the  deviation  would  have  been  much  more  pronounced 
at  lower  wavelengths  due  to  the  higher  initial  photoelectron  energy. 

The  results  shown  in  Fig.  74  led  to  the  conclusion  that  Townsend  ampli¬ 
fication  was  negligible  for  the  previously  reported  measurements  of 
photoionization  efficiency  and  photoabsorption  cross  sections.  The 
slight  shift  in  the  new  data  is  within  experimental  error  and  could 
be  attributed  to  chemical  changes  over  the  thirteen-month  storage 
period. 
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6.2  ABSOLUTE  MEASUREMENT  OF  UV  EMISSION  FROM  CO  SPARK  SOURCE 

The  main  limitation  of  the  laser  seed  compounds  investigated  and 

60 

subsequently  reported  in  the  literature  is  their  low  vapor  pressure 

at  low  temperature  which  precludes  their  use  in  a  static  or  slow-flow  CO 

laser  system.  A  more  practical  seed  compound  for  use  at  lower  temperatures 

is  ethylene,  which  has  an  ionization  potential  (IP)  of  10.5  eV^1  (118  nm). 

This  relatively  high  IP  (for  comparison,  N-N-dimethylaniline  has  an  IP  of 
6  2 

7.14  eV  )  when  coupled  with  the  UV  absorption  of  CO,  restricts  the  usable 
radiation  to  a  window  of  -  70  nm  to  ~  118  nm.  For  modeling  purposes  it  is 

important  to  know  the  amount  of  UV  which  can  be  expected  during  preioniza¬ 

tion  of  a  CO  laser. 

Measurement  of  the  emission  and  transmission  of  vacuum  UV  radiation 
generated  by  a  sparker  board  in  the  70  -  120  nm  wavelength  range  should 

yield  useful  data  for  modeling.  Since  it  was  necessary  to  know  the  photon 

flux  in  absolute  units  of  photons  sec  1  sr  1  from  a  spark  gap  of  a  typical 
preionization  sparker  array,  the  vacuum  UV  scanning  monochromator  system 
was  calibrated. 

Figure  75  shows  the  experimental  setup  used  for  calibration.  The 
output  of  a  microwave-excited  Kr  resonance  lamp  was  attenuated  by  water 
vapor  prior  to  entering  the  monochromator.  By  recording  the  monochromator 
output  (as  measured  by  an  NBS-calibrated  photodiode)  at  the  Kr  resonance 
lines  for  various  f^O  pressures,  the  absorption  coefficients  (K)  at  116.49 
and  123.58  nm  were  calculated  from  Beer's  Law.  Although  some  values  for 
K  are  given  in  the  literature  for  H20,  this  measurement  was  necessary  in 
order  to  account  for  impurities  which  may  have  existed  in  the  sample. 

The  monochromator  output  with  the  absorption  chamber  evacuated  was  also 
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Figure  75.  Schematic  diagram  of  monochromator-calibration  setup. 


measured  and  recorded.  The  entire  effective  wavelength  range  of  the 
photodiode  was  scanned  in  order  to  verify  that  only  the  two  resonance 
lines  produced  a  significant  output  from  the  photodiode. 

The  monochromator  was  then  removed  from  the  system  and  the  lamp, 
absorption  cell,  aperture,  and  photodiode  joined  together.  The  output 
current  (i)  of  the  photodiode  was  recorded  as  a  function  of  the  water- 
vapor  pressure  (P) .  This  arrangement  is  shown  in  Fig.  76.  The  effec¬ 
tive  f  number  (focal  length/aperture  diameter)  of  the  light  source/ 
aperture  combination  was  12:4;  the  f  number  of  the  monochromator  was 
specified  as  24.  This  means  that  if  the  monochromator  were  used  in 
place  of  the  diode,  only  12.4/24  of  the  energy  measured  by  the  diode 
would  reach  the  detector.  However,  the  monochromator  includes  a  second 
aperture — the  narrow  entrance  slit — which  further  reduces  intensity. 
Considering  this  optical  aperture,  the  optical  throughput  of  the 
monochromator  can  be  expressed  as 
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exit  slit 
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monochromator  aperture 


where  I  is  the  intensity  in  photons/sec. 

The  intensities  of  each  of  the  two  Kr  resonance  lines  were  deter¬ 
mined  by  assuming  that  the  total  energy  seen  by  the  photodiode  is  the 
sum  of  the  energies  from  the  two  Kr  resonance  lines  only.  The  measured 


diode  current  (i)  is  related  to  the  resonance-line  intensities  by 


APERTURE 


Figure  76.  Experimental  arrangement  for  lamp-output 
measurement . 
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where  q  is  the  electronic  charge,  y  is  the  diode  photo-conversion  effi¬ 
ciency  (in  electrons/photon) ,  and  subscripts  1  and  2  refer  to  the  116. 49 
and  123.58  ran  lines,  respectively.  The  energy  detected  by  the  photodiode 
is  dependent  upon  lamp  emission  attenuated  by  a  Beer's-Law  absorption. 

In  terms  of  lamp-emission  intensity  (I’),  the  above  equation  can  be 
written  as 


i  =  I  'X  +  I2'Y 

v  -K-.il 

X  =  qy1e  1 


Y 


qy2e 


-K2ft 
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where  i  is  the  absorption  pathlength  between  the  lamp  and  the  diode  and 
K  is  the  absorption  coefficient  at  the  actual  pressure  and  temperature. 
Since  1^'  and  I2'  are  constant  and  X  and  Y  can  be  calculated  using  pre¬ 
viously  measured  values  of  K  along  with  measured  values  of  pressure 
(assuming  constant  room  temperature),  the  recorded  data  resulted  in 
a  series  of  linear  equations.  A  linear  regression  was  then  performed 
in  order  to  arrive  at  a  least-squares  value  for  the  lamp-emission  inten¬ 
sity  of  each  of  the  two  resonance  lines. 

A  high  degree  of  accuracy  was  not  achieved  with  this  method  since 
the  lamp  appeared  to  drift  during  measurement;  the  absorption  properties 
of  the  H20  also  created  some  problems.  A  refinement  of  the  experimental 
technique  would  be  required  in  order  to  determine  accurately  the  relative 
intensities  of  the  two  resonance  lines.  This  information  could  then  be 
used  to  measure  the  difference  in  monochromator-grating  efficiency  at 
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the  two  wavelengths.  At  the  time,  however,  an  average  value  was  used 
for  lamp  emission,  and  this  value  correlated  with  an  average  value  of 
the  intensity  (previously  measured)  at  the  monochromator  exit  slit 
in  order  to  arrive  at  an  average  monochromator  efficiency  of 
0.48%  (50-ym  wide  entrance  and  exit  slits).  A  check  was  made  to  determine 
the  change  in  intensity  when  10-ym  input /output  slits  were  used  instead 
of  the  50-ym  slits  used  for  the  initial  calibration.  The  intensity  ratio 
was  found  to  be  66.7;  that  is,  average  monochromator  efficiency  for  the 
10-um-wide  slits  is  0.0072%. 

Since  the  phorodiode/amplifier  response  was  relatively  slow,  a 
sodium-salicylate/photomultiplier  combination  was  calibrated  against 
the  diode  response.  Although  the  sodium-salicylate  fluorescence  effi¬ 
ciency  is  somewhat  dependent  upon  wavelength, a  fairly  constant 
response  can  be  assumed  over  the  relatively  narrow  wavelength  region 
of  interest. 

To  simulate  the  CO  laser  preionization  sparker-board  array,  a 
spark  gap  provided  by  Westinghouse  Corp.  was  installed  at  the  mono¬ 
chromator  entrance.  The  mounting  structure  of  this  gap  was  reversible 
and,  therefore,  two  different  pathlengths  (t)  were  available.  Calcula¬ 
tions  of  monochromator  field  of  view  for  the  two  pathlengths  were  made  in 
order  to  arrive  at  a  final  system-calibration  value;  this  yielded  emission 
intensities  of  the  spark  for  each  pathlength  in  terms  of  photons  sec  ^ 
sr  1  per  uA  of  photomultiplier  response.  Figure  77  is  a  schematic  repre¬ 
sentation  of  the  setup. 

Our  previous  attempts  to  measure  the  UV  emission  of  a  CO  spark 
discharge  in  the  wavelength  region  below  the  window  limit  (~  116  nm) 
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resulted  in  the  destruction  of  the  monochromator  grating.  This  was  due 
to  the  fact  that  the  small  amount  of  CO  which  entered  the  monochromator 
chamber  through  the  windowless  entrance  slit  was  photodissociated  by  the 
UV,  causing  a  carbon  film  to  form  on  the  grating  surface.  In  order  to  alle¬ 
viate  this  problem,  the  monochromator  body  was  filled  with  He  at  a  pressure 
which  was  higher  than  the  total  pressure  in  the  discharge  chamber;  this  allowed 
the  He  to  flow  through  the  entrance  slit  at  a  velocity  sufficient  to  pre¬ 
vent  the  migration  of  CO  into  the  grating  area  (see  Fig.  77).  As  long 
as  the  pressure  in  the  monochromator  remained  below  atmospheric  pressure,  the 
flow  rate  of  He  into  the  spark  chamber  was  known.  This  flow  rate  was  then 
correlated  with  that  of  N2  and  CO  into  the  spark  chamber,  with  the 
total  pressure  being  monitored  by  a  capacitance  manometer.  This  per¬ 
mitted  determination  of  the  gas  composition  at  the  spark  gap.  He  was 
used  as  the  monochromator  purge  gas  since  significant  absorption  was 
not  expected  to  occur  within  the  wavelength  region  of  interest  (70  -  130 
nm) .  Multi-step  absorption  was  assumed  to  be  insignificant  due  to  the  low 
probability  of  this  process  occurring  as  well  as  the  short  penetration  length 
of  high-energy  radiation  (below  600  nm)  through  the  high-pressure  He. 

Using  this  method,  the  spark-gap  radiation  intensity  transmitted 
through  a  known  distance  of  the  C0:N2:He  mixture  was  measured  as  a  func¬ 
tion  of  wavelength  with  the  UV  scanning  monochromator.  The  mixture 
pathlength  was  then  changed,  and  the  monochromator  scan  was  repeated. 

This  procedure  was  used  to  measure  both  the  emission  and  the  absorption 
of  a  typical  preionization  source  for  two  typical  CO  laser  mixtures. 

Figures  78  and  79  show  the  results  for  1:3:9  and  1:3:36  mixtures  of 
C0:N2:He.  These  spectra  represent  the  average  amplitude  over  the  first 


136 


8.82  X  iO 


* 


600  nsec  of  the  lifetime  of  the  spark.  Since  the  vertical  values  are  in 
terms  of  photon  rates,  the  spark  pulse  width  must  be  considered  in  deter¬ 
mining  the  total  photon  flux  available  for  preionization.  Taking  into 
account  the  problems  encountered  in  arriving  at  a  monochromator-efficiency 
value — as  well  as  in  determining  the  monochromator  cone  and  detected  solid 
angle — the  final  calibration  values  are  accurate  only  to  within  one  order 
of  magnitude. 

The  preceding  discussion  concerns  the  instrument  calibration  of  the 
radiation  falling  within  the  instrument  slit  function,  with  frequency 
composition  being  neglected.  The  problem  of  limited  resolution 
remains — that  is,  a  collection  of  several  narrow  lines  lying  within  a 
1.6- A  spread  could  be  recorded  only  as  a  single  wide  line  whose  amplitude 
depends  not  only  upon  the  individual  line  amplitudes  but  also  upon  the 
line  positions.  Due  to  the  resolution  limitations  of  the  present  instru¬ 
ment,  it  is  not  possible  to  determine  the  actual  composition  of  the 
recorded  lines  accurately.  Therefore,  in  order  to  estimate  the 
true  spectral  content,  a  list  of  probable  lines  along  with  their  rela¬ 
tive  intensities  was  compiled  from  the  NBS  UV  atlas.  The  spectrum  was 
found  to  be  composed,  almost  exclusively,  of  atomic  N  and  C. 

O 

A  trinagular  monochromator  transfer  function  of  0.8  A  FWHM  was 
then  used  for  deconvolution  of  the  recorded  spectrum.  By  regrouping 
lines  of  the  deconvoluted  spectrum  according  to  the  locations  of  the 
intensity  peaks  of  the  recorded  spectrum,  a  corrected  peak  intensity 
was  determined.  The  new  peak  values  represented  the  total  flux 
available  in  the  vicinity  of  the  measured  wavelength.  Effectively,  a 
line  spectrum  (zero  linewidth)  was  created  to  simulate  the  actual 
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emission  spectrum.  Since  ethylene  exhibits  no  discrete  absorption  in 
this  spectral  region,  the  results  can  be  used  to  predict  the  extent  of 
photoionization  in  an  ethylene-seeded  COi^tHe  mixture.  Table  5 
is  a  summary  of  the  simulated  spectra  and  calculated  absorption  coeffi¬ 
cients  of  a  1:3:9  CO:N2:He  mix. 

The  value  for  the  source  intensity  (I  at  path  length  l  =  0)  was 
calculated  by  extrapolating  the  data  at  the  two  pathlengths  back  to  the 
position  of  spark.  Care  should  be  taken  when  using  this  figure  since 
the  relative  scale  values  have  an  uncertainty  of  20  to  30%,  depending  upon 
sensitivity  range  and  noise  level.  As  the  absorption  approaches  zero, 
the  ratio  of  intensities  for  the  two  pathlengths  approaches  unity, 
resulting  in  an  error  range  of  several  orders  of  magnitude  for  K.  This 
could  lead  to  an  error  as  great  as  one  order  of  magnitude  for  the  calculated 
intensity  at  l  =  0.  Of  course,  as  the  ratio  becomes  larger,  this  error 
sensitivity  is  quickly  diminished. 

6.3  UV  EMISSION  FROM  C02:N2:He  DISCHARGE 

UV  radiation  can  be  generated  in  IR  gas-discharge  lasers  by  both 
the  preionization  source  and  the  main  discharge.  If  significant  amounts 
of  UV  radiation  should  reach  the  laser  windows,  degradation  of  the  IR 
transmitting  properties  could  occur.  The  interest  in  laser-window 
development  generated  by  the  USAF  C02  laser  program  prompted  the  measure¬ 
ment  of  vacuum  UV  radiation  generated  by  C02  laser  discharges.  UV  radia¬ 
tion  from  a  capillary  discharge  of  a  1:1:8  C02:N2:He  mixture  was  measured 
using  the  calibrated  vacuum  UV  monochromator  system.  A  large  amount  of 
UV  resulting  from  the  CO  fourth-positive  system  between  ~  150  and  200  nm 
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SIMULATED  SPECTRA  AND  ABSORPTION  COEFFICIENT  GENERATED 


FROM  RECORDED 

EMISSION  LINES  OF 

A  SPARK  DISCHARGE  IN 

A  CO:N2 

:He  MIXTURE  OF  1:3: 

9  (see 

Fig. 

78) 

Intensity 

K 

Wavelength 

<* 

10  Photons/sec-sr) 

(1/cm-atm) 

(mn) 

l  =  0 

1  =  3 . 81  cm  l 

=  5.08 

cm 

(Assuming  CO) 

97.702 

* 

3.90 

<0.2 

* 

99.158 

* 

5.33 

<0.2 

* 

100.602 

1200 

1.98 

0.234 

25.6 

101.022 

3600 

9.43 

1.30 

23.8 

103.702 

969 

14.0 

3.41 

16.9 

106.589 

184 

3.93 

1.09 

15.4 

108.458 

* 

10.8 

<0.5 

* 

109.273 

302 

3.00 

0.645 

18.4 

110.036 

129 

5.19 

1.78 

12.8 

110.793 

7.80 

1.46 

0.835 

6.70 

111.026 

38.6 

1.80 

0.648 

12.2 

111.446 

42.7 

0.810 

0.216 

15.8 

111.772 

50.8 

1.91 

0.640 

13.1 

112.914 

18.2 

1.17 

0.469 

11.0 

113.441 

123 

6.88 

2.63 

11.5 

113.933 

62.6 

7.61 

3.77 

8.42 

114.163 

30.2 

4.00 

2.04 

8.07 

114.365 

113 

7.86 

3.20 

10.7 

115.215 

175 

3.96 

1.12 

15.1 

115.639 

113 

2.79 

0.812 

14.8 

116.100 

58.4 

3.15 

1.19 

11.7 

116.400 

23.8 

5.36 

3.26 

5.96 

116.845 

158 

14.1 

6.30 

9.66 

116.906 

100 

21.4 

12.8 

6.16 

117.571 

2290 

186 

80.5 

10.0 

118.303 

96.0 

30.6 

20.9 

4.57 

118.454 

192 

44.1 

27.0 

5.88 

118.801 

304 

5.49 

1.44 

16.0 

119.303 

86.3 

8.28 

3.79 

9.37 

120.022 

155 

12.7 

5.52 

9.99 

*The  intensity  data  recorded  at  1  =  5.08  are  not  sufficient  for  the 
calculation  of  either  the  intensity  at  l  =  0  or  the  absorption 
coefficient  (K) . 
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was  observed.  Also,  second-positive  emission  was  clearly  present 
above  ~  195  nm.  No  significant  amount  of  UV  was  detected  below 
150  nm. 

The  capillary-discharge  has  an  E/N  comparable  to  that  existing 

during  the  fast-avalanche  pulse  of  a  self-sustained  discharge.  However, 

since  the  lamp  was  operated  cw,  the  gas  composition  may  differ  from 

that  existing  in  an  operational  pulsed  laser  system.  Of  prime  interest 

for  high-power  laser-window  design  is  the  UV  emission  of  an  e-beam- 

sustained  laser  system.  In  this  case,  values  of  E/P  (P  =  pressure  at 

room  temperature)  are  typically  ~  2.5  V  cm  ^  Torr  \  whereas  in  the 

”1 

capillary  discharge,  E/P  >  20  V  cm  Torr  x. 

For  these  reasons,  a  cylindrical  discharge  tube  was  mounted  on  the 
monochromator  system  and  positioned  in  such  a  way  that  the  UV  emission  of 
the  positive  column  could  be  measured.  Figure  80  shows  typical  spectra 
resulting  from  1:1:8  and  1:3:18  (X^t^tHe  discharges.  The  higher  inten¬ 
sity  of  the  1:3:18  spectrum  is  due  to  the  increased  transmission  of  the 
laser  mix  resulting  from  a  lower  concentration  of  CO2  and,  consequently, 
lower  concentrations  of  CO,  O2,  and  nitrous  oxides. 

The  amount  of  damaging  UV  radiation  which  reaches  the  laser  window 
depends  primarily  upon  the  energy  deposited  in  the  discharge,  the  trans¬ 
mission  characteristics  of  the  gas  mixture  (cross  section,  pressure), 
and  the  optical  pathlength.  The  results  of  Fig.  80,  then,  are  intended 
to  show  the  spectral  distribution  rather  than  absolute  intensity. 

The  possibility  of  employing  an  aerodynamic  window — utilizing  a  com¬ 
pressed  air  source — for  filtering  out  the  potentially  damaging  UV  radiation 
was  considered.  The  absorption  characteristics  of  O2  and  0^  are  favorable 


142 


for  elimination  of  most  of  the  damaging  radiation.  Since  it  was  not 
practical  to  simulate  an  air  window  in  the  laboratory,  the  filtering 
effect  of  air  was  calculated  using  dry-air-composition  data  from 
Ref.  65.  The  results  are  shown  in  Fig.  81. 

The  measured  emission  of  a  1:3:18  mix  was  used  as  a  base,  and 
transmission  spectra  were  calculated  for  static  atmospheric-pressure 
air  and  for  moving  air.  A  path  length  of  5  cm  was  chosen.  The 
content  for  the  static  situation  was  taken  to  be  21%  of  the  total  air 
density;  but  since  the  high-energy  UV  could  cause  0^  formation,  the 
ozone  partial  pressure  was  assumed  to  be  10%  of  the  0 ^  present.  In 
the  moving-air  case,  the  ozone  concentration  was  assumed  to  be  small 
since  any  0^  formed  would  be  quickly  flushed  out  of  the  radiation 
path.  This  last  case  would  be  typical  of  an  aerodynamic  window. 

Figure  81  demonstrates  that  oxygen — with  an  absorption  continuum 
peaking  at  -  142  nm — can  eliminate  much  of  the  high-energy  UV  below 
220  nm.  The  ozone  continuum  absorption  spectrum  peaks  at  ~  255  nm 
and  can  be  an  effective  absorber  up  to  -  300  nm.  The  ^  emission  lines 
above  300  nm  are  not  significantly  affected  by  the  air. 

6.4  SLIDING  SPARK  AND  DIELECTRIC-COUPLED  DISCHARGE 

The  selection  of  an  optimum  method  of  discharge  preionization 
included  the  consideration  of  sliding-spark  arrays  and  dielectrically 
coupled  discharges.  The  sliding  spark,  similar  to  those  used  on  some 
UV  preionized  CO2  lasers, was  investigated  as  an  alternative  to  the 
auxiliary-wire-discharge  technique.  A  coaxial  spark  array  was  fabri¬ 
cated  by  bonding  short  lengths  of  stainless-steel  tubing  to  an  alumina 
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Figure  81. 


WAVELENGTH  (nm) 


Comparison  of  transmission  spectra  of  1:3:18  CC^:^ :He 
discharge  through  5  cm  of  air  at  760  Torr.  (a)  Spectrum 
with  no  attenuation,  (b)  transmission  spectrum  through 
fast-moving  air,  and  (c)  transmission  spectrum  through 
static  air. 
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tube  surrounding  a  ground  wire.  Molybdenum-wire  electrodes  were  spot 
welded  to  the  stainless-steel  tubes  to  provide  a  series  of  46  raised 
sparks  having  ~  1-mm  gaps.  The  array  was  fed  from  one  end  by  a  5-nF 
capacitor  switched  by  an  8354  thyratron.  Figure  82  is  an  oscillogram 
of  the  current  and  voltage  pulses  obtained  for  atmospheric-air  opera¬ 
tion  at  15  kV  and  10  Hz.  The  array  operates  in  cascade,  and  the  figure 
shows  that  it  takes  ~  460  ns  for  the  entire  array  to  break  down.  This 
figure  also  shows  the  good  impedance  match  of  the  pulser  to  the  spark 
array  in  air.  After  a  few  minutes  of  operation,  a  sputtered  metal  film 
developed  on  the  alumina  which  shorted  out  the  spark  capacitors,  and 
sparking  ceased.  Although  the  energy  loading  was  much  greater  than  would 
be  required  for  the  laser,  even  at  lower  energy,  sputtering  would 
be  a  major  problem  for  high-rep-rate  long-time  operation. 

It  is  difficult  to  obtain  spatial  uniformity  with  a  sliding  spark 
since  it  is  essentially  an  array  of  point  sources.  The  dielectric- 
coupled  discharge^  exhibits  a  much  higher  degree  of  uniformity,  but 
little  is  known  about  its  operating  parameters.  A  small  test  chamber 
was  constructed  in  order  to  study  some  of  the  characteristics  of  this 
method  of  preionization  and  to  determine  its  suitability  for  use  at 
high  repetition  rates  in  a  closed-cycle  rare-gas  laser.  Figure  83 
is  a  schematic  of  the  experimental  arrangement.  Several  electrical 
circuits  were  used,  but  the  one  shown  in  Fig.  83(b)  generated  the 
most  intense  discharge.  As  the  capacitor — which  consists  of  the  two 
parallel  plates  separated  by  the  dielectric  and  the  adjustable  gap — 
is  charged  to  a  high  voltage,  a  uniformly  distributed  space  charge 
forms  in  the  gap.  The  sudden  collapse  of  the  field  resulting  from 
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CURRENT  (200  A/DIV) 


VOLTAGE  (5KV/DIV) 


Figure  82.  Oscillogram  of  current  and  voltage  pulses 
for  spark  array  in  atmospheric  air. 
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thyratron  commutation  generates  a  current  spike  and,  consequently,  gas 
breakdown.  This  discharge  may  serve  as  a  source  of  electrons  (which 
drift  through  the  perforated  electrode)  or,  more  likely,  as  a  source 
of  ionizing  UV  radiation. 

The  test  chamber  was  mounted  on  the  vacuum  UV  monochromator  in  such 
a  way  that  the  UV  transmitted  through  the  perforated  electrode  could  be 
measured.  In  an  atmosphere  of  -  10  Torr  Nj,  a  very  uniform  low- 

intensity  discharge  was  visually  observed,  but  no  UV  could  be  detected. 

12 

The  detection  threshold  of  the  monochromator/detector  system  was  ~  10 
photons  sec  1  sr  \  At  600  Torr  Nj*  a  diffuse  discharge  was  observed 
as  the  gap  was  varied  from  -  0  to  above  0.025  in.  When  the  gap  reached 
'  0.040  in.,  small,  bright,  moving  anode  spots  were  seen.  The  number  of 
spots  increased  as  the  gap  was  increased.  However,  the  UV  detection 
threshold  of  the  system  was  never  reached. 

I/hen  this  preionization  source  was  compared  with  a  previously 
40 

studied  spark  discharge,  the  energy  deposited  per  irradiated  unit 
area  was  found  to  be  about  the  same;  but  the  emission  from  equivalent 
discharge  areas  detected  by  the  monochromator  was  about  two  orders  of 
magnitude  less  for  the  dielectric-discharge  source.  Considering  that 
in  the  previous  measurements  numerous  lines  were  observed  in  the  10^ 
photons  sec  ^  range,  several  lines  should  have  been  detectable  from 
the  dielectric  source  for  comparable  intensities  per  irradiated  unit 
area. 

The  small  test  chamber  was  subsequently  removed  from  the  UV  mono¬ 
chromator,  and  an  independent  electrode  was  installed  opposite  the  trans¬ 
parent  electrode.  A  drift  field  was  then  applied  in  an  attempt  to 
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measure  the  presence  of  electrons.  After  some  physical  problems  were 
encountered  with  the  Mica  dielectric, it  was  replaced  with  0. 25-in. - 
thick  barium  titanate.  This  material  has  an  extremely  high  dielectric 
constant  (1000  -  6000),  although  its  dielectric  strength  is  relatively 
low.  ho  systematic  evaluation  was  performed  with  this  setup  because 
the  barium  titanate  could  not  withstand  operation  at  repetition  rates 
of  500  -  1000  Hz.  The  use  of  this  material  at  the  high  rep  rates 
typical  of  the  closed-cycle  laser,  therefore,  is  not  practical. 

Lack  of  time  prevented  the  continuation  of  studies  on  the  dielec¬ 
tric  discharge.  Considering  the  above  factors — inadequate  understanding 
of  operating  characteristics,  low  UV  emission,  and  possibly  limited 
repetition  rate — this  method  of  discharge  preionization  was  ruled  out 
as  an  alternative  for  the  high-repetition- rate,  closed-cycle,  rare-gas 
laser  systems.  It  should  not,  however,  be  considered  unacceptable  for 
future  discharge  systems.  Recently,  good  success  with  a  similar  method 
has  been  reported  in  a  rare-gas  halide  environment  using  PVC  as  the 

4-1  -  4 

dielectric . 
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SECTION  VII 

PHOTOEXCITATION  OF  MERCURY  HALIDES 


Although  the  spectroscopic  features  of  the  mercury-monohalide 

2  +  2  +  69 

B  Z,  -*■  X  L,  transition  have  been  known  for  some  time,  the  first 

2  2 

report  of  laser  action  was  made  by  Parks ^  in  1977.  Since  that  demon¬ 
stration  of  gain  on  the  558-nm  HgCl  line  by  e-beam  pumping  of  Hg  and 
CCl^  in  Xe  plus  Ar,  lasing  has  been  reported  in  e-beam-pumped  and  e- 
beam-sustained/discharge-pumped  HgCl  and  HgBr  and  in  photodissociated 

and  discharge-pumped  HgC^,  HgBr2»  and  Hgl2.  The  mechanism  for  crea- 

2  + 

tion  of  the  upper  laser  level — HgX(B  Z,  state)  where  X  =  Cl,  Br,  or  I — 

'S 

is  generally  attributed  to  ion-ion  recombination  in  the  case  of  e-beam 

and  discharge  pumping  and  to  direct  photoexcitation  of  the  HgBr^  salt 

to  a  dissociating  state  in  the  case  of  UV  pumping. 

The  successful  photolytic-pumped  mercury-halide  lasers  reported 

to  date  utilize  e-beam-pumped  rare-gas  excimer  radiation  or  discharge- 

72-  74 

pumped  rare-gas-halide  laser  output  as  the  pump  source.  If  more 

efficient  pump  sources  become  available,  photodlssociative  pumping 


promises  high  efficiencies  since  the  fluorescence  efficiency  is 


significantly  greater  than  that  with  the  alternative  pumping  methods; 
up  to  26%  f luorescence-photon-to-exciting-photon  efficiency  has  been 
reported  for  HgB^.^  In  addition  to  the  potential  for  high  efficiency, 
the  photolytic  method  appears  to  avoid  the  degradation  of  the  laser  gas 
mixture,  indicating  potential  for  long-life  closed-cycle  operation. 

Another  advantage  of  the  photodlssociative  mode  of  excitation  is 
the  ability  to  selectively  excite  to  the  upper  laser  level  without 
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formation  of  electron-ion  pairs  and  the  myriad  of  excited  states  result¬ 
ing  from  recombination.  The  optical-excitation  method,  then,  is  very 
useful  in  characterizing  the  laser  kinetics,  which  would  be  applicable 
to  all  forms  of  excitation — particularly  where  scaling  predictions  are 
concerned . 

In  order  to  acquire  some  basic  data  on  the  gas  kinetics  of  mercury- 
halide  lasers,  commercially  available  Xe  flashlamps  were  considered 
as  an  excitation  source.  The  relatively  high  inductance  associated  with 
linear- flash lamp  circuits  dictated  the  use  of  a  coaxial  lamp  with  an 
annular  ground-return  sheath.  Such  a  lamp  was  manufactured  by  Phase-R 

Corporation,  with  a  suprasil  tube  replacing  the  inner  quartz  tube 

* 

in  order  to  obtain  Xe2  excimer  fluorescence  radiation  down  to  -  160  nm. 

Since  HgX2  is  a  solid  at  room  temperature,  operating  temperatures 
of  up  to  '  200°C  are  required.  The  present  f lashlamp/oven  configuration 
is  shown  in  Fig.  84.  Heat  tapes  are  used  to  heat  the  end  piece  with  the 
copper  coil  as  N2  is  passed  through  the  coil  into  the  inner  oven  cavity. 
The  hot  N2  then  flows  along  the  length  of  the  photolysis  tube — between 
the  tube  and  the  coaxial  Xe  flashlamp — and  exits  through  a  hole  in  the 
oven  cavity  at  the  opposite  end.  Temperature  measurements  are  made 
through  this  exit  hole.  By  adjusting  the  heat  loss  at  this  end,  the 
temperature  of  a  portion  of  the  photolysis  tube  can  be  regulated.  If 
the  remainder  of  this  tube  can  be  held  at  a  higher  temperature, 
the  end  temperature  will  determine  the  mercury-halide  partial  pressure 
within  the  tube.  Heat  tape  is  used  on  the  lamp  and  exit-end  oven  piece 
to  limit  heat  loss  to  the  environment.  Condensation  on  the  end  window 
has  not  been  a  problem. 
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The  main  drawback  of  this  arrangement  is  the  sensitivity  of  the 
flashlamp  to  high  temperature.  The  electrical-energy-deposition  capa¬ 
bility  of  the  lamp  is  -  180  J,  but  the  stripline  insulation  will  not 
accommodate  the  required  high-speed  high-voltage  pulse  at  elevated 
temperatures.  The  outside  of  the  lamp  can  be  cooled  but,  thus  far, 
sufficient  N2  flow  cannot  be  maintained  to  adequately  heat  the  HgX2 
for  extended  periods. 

In  attempting  to  predict  the  result  of  photoexcitation  of  HgBr,,, 

a  disparity  in  reported  photoabsorption  cross  sections  has  arisen. 

Figure  85  shows  a  comparison  of  published  values.  Although  there  is 

general  agreement  in  the  relative  shape  of  the  curves,  the  magnitude 

varies  by  nearly  an  order  of  magnitude.  Also,  the  curve  of  Maya 

appears  to  be  shifted  toward  lower  wavelengths.  The  details  of  the 

experimental  technique  used  by  Templet,  et  al. and  Schmitschek  and 
73 

Cel  t  o  are  not  available.  Maya  illuminated  HgBr2  vapor  with  the 
l>2  continuum,  transmitted  through  quartz  optics  (cut-on  -  185  nm) . 

The  transmitted  spectrum  was  then  resolved  with  a  scanning  mono¬ 
chromator.  He  considered  such  issues  as  Br2  formation,  existence  of 
higher-order  polymeric  species,  thermal  dissociation  at  his  operating 
temperatues  (180  -  280°C),  and  the  presence  of  excited-state  absorp¬ 
tion  due  to  constant  polychromatic  illumination.  All  of  these  factors 
were  considered  negligible.  However,  in  light  of  the  -  5  nm  shift  of 
Maya's  curve  relative  to  the  other  two  and  the  fact  that  quantitative 
data  do  not  exist  for  the  absorption  band  located  at  -  182  -  185  nm,  a 
decision  was  made  to  measure  the  photoabsorption  cross  section  of  HgBr2 
with  the  in-house  vacuum  UV  monochromator  system. 

! 
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Figure  85.  Reported  photoabsorption  cross  sections  for  KgB^  from  185  to  380  nm. 
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Figure  86  shows  the  oven  and  absorption-cell  arrangement  which  was 
mounted  between  the  monochromator  exit  slit  and  the  sodium-salicylate/ 
photomultiplier  detector.  The  two  thermal-isolation  cells  were  constructed 
of  stainless  steel  and  maintained  at  a  high  vacuum  (~  10  ^  Torr)  to  prevent 
conduction  and  convection  losses;  the  outside  flange  was  water  cooled.  The 
oven  body  was  constructed  of  aluminum  and  was  pressurized  to  ~  5  psig  of 
He  for  heat  transfer  to  the  absorption  cell.  A  slow  flow  of  pre-heated 
He  was  maintained  to  aid  in  the  removal  of  thermal  gradients  as  well  as 
to  prevent  the  buildup  of  contaminants. 

The  absorption  cell,  constructed  of  quartz  and  having  suprasil 
windows,  contained  a  side-arm  for  pressure  control.  That  is,  the  cell 
side-arm  (or  cold  finger)  is  installed  into  the  oven  cold  finger;  during 
operation  the  remainder  of  the  cell  is  maintained  above  the  temperature 
of  the  cold  finger  (typically  by  ~  25°C) .  Therefore,  the  vapor  pressure 
of  the  HgB^  can  be  determined  by  monitoring  the  oven- cold- finger  tem¬ 
perature  and  converting  to  pressure  using  measured  thermodynamic  con¬ 
stants.  ^  The  estimated  accuracy  of  the  temperature  measurements  is 
i  2°C,  although  this  has  not  yet  been  verified. 

The  optical  source  is  a  hydrogen  continuum  emitted  from  an  Hj 
capillary-discharge  lamp.  The  output  of  this  lamp  is  spectrally  scanned 
by  the  0.5-m  scanning  monochromator,  which  results  in  a  smoothly  varying 
stable  source  of  radiation  in  the  wavelength  range  of  -  175  to  above  300  nm, 
with  a  spectral  resolution  of  0.25  nm.  Although  the  Hj  molecular-band 
line  spectrum  is  present  below  -  170  nm,  it  is  beyond  the  wavelength  of 
Interest.  Second-order  lines  of  intense  Lyman  bands  are  removed  by  the 
Suprasil  windows  of  the  oven  and  absorption  cell.  Figure  87  shows  the 
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Figure  86.  Schematic  diagram  of  oven  and  absorption-cell  arrangement  for  HgBr 
photoabsorption-cross-section  measurements. 
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Figure  87.  Source  spectrum  from  H2  lamp /monochromator  for  HgBr 
photoabsorption  measurements. 


measured  spectrum  of  this  system,  with  the  oven  windows  and  absorption 
cell  in  place  but  with  no  HgBr2  present.  Although  the  intensity  scale 
is  in  relative  units,  the  peak  intensity  represents  an  absolute  photon 
flux  of  '  5  ■<  10^  photons/sec. 

Figure  88  is  a  schematic  diagram  of  the  experimental  setup,  showing 
the  data-acquisition  system.  The  capillary  lamp  was  operated  in  the 
current-regulated  mode;  and,  as  long  as  the  H2  pressure  and  lamp  tempera¬ 
ture  remained  constant,  a  constant,  repeatable  UV  output  to  the  oven  was 
obtained.  The  output  of  the  photomultiplier  was  routed  through  an  I/V 
converter  and  DVM  inf-.  a  minicomputer.  The  procedure  was  to  store  the 
transmitted  spectrum  of  the  5-cm-long  sample  cell  without  PgBr2  and  then 
record  the  transmission  with  a  known  pressure  of  HgBr,,.  The  sample  cell 
also  contained  ~  250  Torr  (room  temperature)  of  ultrapure  He.  Assuming 
that  absorption  follows  the  Beer -Lambert  law,  the  cross  section  (a) 
could  then  be  calculated  as  a  function  of  wavelength  from 


1  ,  o 

a  =  —  In  — 
n£  I 


where  ?.  is  the  absorption  path  length,  I  is  the  incident  intensity  as 
determined  by  the  recorded  transmission  spectrum  without  HgBr2  present, 
I  is  the  measured  intensity  with  HgBr2  absorption  present,  and  n  is  the 
HgBr2  density.  Combining  the  thermodynamic  expression  for  HgBr2  vapor 
pressure  as  a  function  of  temperature^  with  temperature  and  pressure 
corrections,  the  density  in  the  absorbing  path  was  calculated  from 


,[-<4167. 4/Tx)  +  10.181)  2?3  . 
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where  n  is  Loschmidt's  number,  T,  is  the  temperature  of  the  cold 
o  1 

finger  (pressure-determining  point),  and  is  the  temperature  of 
the  vapor  in  the  absorption  path  (essentially  the  oven  temperature) 
in  °K. 

Figure  89  shows  the  photoabsorption  cross  section  of  HgB^  measured 
at  130°C  (vapor  pressure  of  0,69  Torr) .  The  general  shape  agrees  well 
with  those  reported  above  190  nm  by  previous  authors,  although — again — 
there  is  disagreement  as  to  the  magnitude.  The  major  uncertainty  in  our 
measurements  arises  from  the  temperature  measurement.  The  estimated  uncer¬ 
tainty  of  -  2°C  results  in  a  cross-section  error  bar  of  ~  12%.  Even  if 
the  error  were  as  large  as  5°C,  the  resulting  uncertainty  of  -  30%  still 
would  not  agree  with  Maya's  uncertainty  of  ~  20%.  This  discrepancy  has 
yet  to  be  resolved.  A  slight  temperature  trend  was  found  in  our  data 
in  the  spectral  range  of  ~  195  to  225  nm,  but  the  remaining  absorption- 
cross-section  values  varied  less  than  a  few  percent  as  the  cold-finger 
temperature  was  varied  from  110  to  130°C.  Therefore,  measurements  should 
be  made  at  higher  temperatures  (up  to  ~  180°C)  in  order  to  determine 
whether  the  results  are  temperature  dependent,  which  is  indicative  of  a 
systematic  error.  In  this  case,  the  absorption  path  must  be  decreased 
in  order  to  maintain  a  sufficient  transmitted  intensity  for  accurate 
measurements . 

The  shape  of  the  absorption-cross-section  plot  of  Fig.  89  suggests 
that  several  factors  are  applicable  to  the  operation  of  a  flashlamp- 
pumped  HgBr2  laser.  Three  bands  are  clearly  visible,  peaking  at  ~  230, 
198,  and  183  nm.  These  have  been  designated  by  Weiland^^  as  the  a,  b, 
and  c  bands,  respectively.  The  absence  of  structure  in  the  a  and  b 
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hands  is  indicative  of  transitions  from  the  bound  lower  state  to  an 

unbound  (dissociative)  excited  state.  The  a  state,  however,  apparently 
71  2  + 

dissociates  to  the  X  F,  ground  state  of  HgBr.  This  is  the  lower  laser 

74  75 

level  of  the  HgBr  laser.  The  b  state  of  HgBr2  dissociates  rapidly,  ’ 

2  + 

resulting  in  HgBr  formation  in  the  B  2,  excited  state — which  is  the  upper 
laser  level.  Consequently,  efficient  operation  of  a  HgBr2  photodissocia¬ 
tion  laser  requires  that  the  pump  radiation  lie  in  a  band  between  ~  190 
and  205  nm  and  requires  the  absence  of  radiation  from  -  210  to  -  260  nm. 

The  effect  of  absorption  in  the  182  to  186  nm  region  is  unclear. 
Although  our  instrument  resolution  was  relatively  low,  the  high-resolution 
data  of  Wehrli  and  of  Gedanken,  et^  al.  show  that  even  though  vibra¬ 

tional  structure  is  indicated,  it  cannot  be  resolved.  There  is  no  rota¬ 
tional  structure,  which  indicates  that  the  c  band  is  pre-dissociative 
(bound  state  mixed  with  a  dissociative  state).  The  end  result  of  this 
dissociation  is  not  clear.  Maya^  found  no  detectable  fluorescence 
resulting  from  this  excitation  channel  in  Hgl^;  it,  therefore,  seems 
likely  that  the  HgBr  formed  by  c-state  predissociation  is  in  some  excited 

state  lying  above  the  upper  laser  level.  The  absence  of  observed  transi- 

79 

tions  from  high- lying  states  of  HgBr  to  the  B  state  leads  to  the  con¬ 
clusion  that  optical  pumping  of  the  HgBr2  (c)  state  does  not  contribute 
to  laser  operation.  The  question  as  to  whether  this  pumping  hinders 
laser-energy  extraction  by  eventual  population  of  the  HgBr  ground  state 
can  be  answered  by  comparing  the  lifetimes  of  the  c  state  and  the  result¬ 
ing  excited  HgBr  level  with  the  dissociative  and  radiative  lifetimes  of 


the  HgBr2  (b)  state  -*  HgBr  (B)  state  ->  HgBr  (X)  channel.  The  dissociation 

74 

lifetime  of  HgBr2  (b)  is  measured  to  be  less  than  1  nsec,  and  the 
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The  dissociative 
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2  80 
radiative  lifetime  of  B  E  is  on  the  order  of  22  nsec. 

and  radiative  lifetimes  of  the  higher  pump-energy  channel — most  likely 
2 

HgB^Cc)  HgBr  (C  Jlh)  -*■  HgBr(X) — however,  are  not  well  known;  therefore, 
no  conclusion  can  be  reached  at  this  time. 

Due  to  the  low  recorded  spectral  resolution  (~  0.15  nm  per  digitized 
point) ,  the  absorption-cross-section  values  of  the  c  state  are  not  yet 
reliable.  Although  the  locations  and  relative  magnitudes  of  the  absorp¬ 
tion  peaks  agree  fairly  well  with  the  high-resolution  measurements  of 
78 

Gedanken,  e_t  al. ,  our  limited  resolution  is  obvious  in  an  expanded 
plot.  The  plot,  however,  can  be  improved  if  the  scan  rate  is  decreased. 
Therefore,  the  cross-section  measurements  should  be  repeated  in  this 
wavelength  region  before  the  magnitudes  can  be  considered  reliable. 

The  limited  accuracy  of  any  absolute  value  of  absorption  cross 
section  in  the  182  to  186  nm  region  must  be  recognized.  The  existence 
of  the  pre-dissociative  state  implies  that  some  bound-bound  transitions 
do  occur  (to  lower  vibration  levels  of  the  c  state).  Therefore,  some 
discrete  structure  should  exist.  The  fact  that  our  spectrum  matches 
that  obtained  with  a  resolution  of  0.025  nm  indicates  that  there  is 
much  overlap  of  bound-bound  and  bound-free  transitions.  The  measured 
cross-section  values,  then,  represent  the  integrated  values  of  possibly 
widely  varying  cross  sections.  If  the  optical  pump  source  is  extremely 
narrow,  the  absorption  cross  section  may  vary  markedly  from  the  value 
measured  here.  Since  the  relative  heights  (peaks  and  valleys)  of  our 
spectra  agree  quite  well  with  the  high-resolution  spectra,  however, 
the  optical-source  linewldth  would  have  to  be  less  than  0.025  nm 
before  variation  from  our  measured  cross  sections  could  be  expected. 


164 


In  conclusion,  the  photoabsorption  cross  section  of  HgB^  vapor 
has  been  measured  in  the  spectral  range  of  175  to  325  nm,  although 
several  more  measurements  should  be  taken  before  the  values  can  be 
considered  reliable.  The  results  indicate  that  optimum  laser  pumping 
can  be  achieved  by  limiting  the  photon  energy  to  a  wavelength  band  of 
'•  190  to  205  nm.  The  scaleability  of  the  photodissociative  HgBr  laser 
to  high  gas  pressures  and  large  physical  cross  section  is  limited  by 
the  magnitude  of  the  photoabsorption  cross  sections — from  ~  0.3  to 
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CONCLUSION 


Reliable,  long-lifetime,  closed-cycle  rare-gas  lasers  have  been 
developed  by  employing  high-purity, closed-cycle  gas-flow  systems  and 
pulsed  transverse  excitation  via  thyratron-switched  pulsers  in  low- 
inductance  configurations. 

The  novel  annular-flow-return  laser  has  significant  advantages 
over  conventional  closed-cycle  lasers.  The  design  of  the  flow  system 
is  relatively  simple, and  the  gas-recirculation  requirements  are  signifi¬ 
cantly  less  than  those  for  an  equivalent  closed-cycle-loop  geometry — by  about 
a  factor  of  two.  The  outlook  for  scaling  of  the  annular-flow-return  laser 
to  longer  cavity  lengths  and  to  larger  volumes  appears  to  be  favorable. 

The  annular  return  increases  the  size  of  a  conventional  blow-down  con¬ 
figuration  only  slightly.  The  annular-flow-return  geometry  lends  itself 
to  implementation  of  simple  heat  exchangers  when  heating  or  cooling  of 
the  flow  is  required.  The  absence  of  flat  surfaces  renders  this  con¬ 
figuration  structurally  more  rugged  and  more  suitable  for  high-pressure 
operation. 

The  reliability  of  the  closed-cycle  atomic-rare-gas  lasers  is 

•  <  llent.  The  shelf  life  is  at  least  several  months,  and  the  He-Xe 

9 

■  i  has  been  operated  for  >  10  shots  before  any  system  failure. 

■  in  .addition  to  the  excellent  continuous  long-term  operation 
■■  fs  with  no  degradation  of  output  power. 

■  1  f  the  closed-cycle  atomic-rare-gas  lasers  in  a  pulsed- 

■  n-f erred  In  order  to  permit  high-pressure  operation 


and  thereby  achieve  high  peak-power  output.  At  pulse  repetition  rates 
greater  than  the  inverse  of  the  clearing  time,  the  discharge  is  pre¬ 
ionized  by  residual  ionization  from  the  previous  pulse.  The  highest 
pulse  repetition  rate  is  determined  by  discharge  stability.  However, 
at  the  modest  pulse  powers  desired,  repetition  rates  to  12  kHz  for 
long  periods  (minutes)  have  been  demonstrated.  A  pulse  repetition 
rate  of  5  kHz  has  been  maintained  easily  for  8  hr. 

The  previously  reported  photoabsorption  cross  section  and  photo¬ 
ionization  yield  measurements  of  laser  seeding  agents  have  been  shown 
to  be  free  of  collector  field  influences. 

The  UV  scanning  monochromator  was  calibrated,  and  the  UV  emission 
and  transmission  of  CO- laser-mixture  spark  discharges  in  the  spectral 
region  amenable  to  the  use  of  ethylene  as  a  seedant  were  measured.  The 
recorded  spectrum  of  1:3:9  C0:N2-‘He  mixture  was  converted  to  an  equiva¬ 
lent  line  spectrum  for  use  in  the  modeling  of  a  CO  discharge  laser. 

The  UV  emission  of  discharges  in  CC^  laser  mixtures  was  measured  in 
order  to  determine  the  spectral  distribution  of  radiation  generated 
by  the  main  discharge  of  a  typical  CC^  laser.  A  method  of  filtering 
out  the  unwanted  radiation  to  the  laser  windows  was  discussed. 

A  coaxial-geometry  sliding  spark  and  a  planar  dielectric-coupled 
discharge  were  investigated  as  preionization  sources  for  the  closed- 
cycle  rare-gas  laser.  At  the  high  repetition  rates  required,  these 
methods  were  found  to  be  impractical. 

A  Xe-flashlamp  pumping  device  was  constructed  for  photolytic 
exciation  studies  of  mercury-halides.  New  photoabsorption  cross- 
section  measurements  of  HgB^  in  the  spectral  range  of  175  -  325  nm 
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have  been  made,  although  these  should  be  repeated  at  higher  temperatures 
before  the  data  can  be  considered  reliable.  Results  indicate  that  opti¬ 
mum  HgBr  laser  pumping  can  be  achieved  by  limiting  the  photon  energy  to 
a  wavelength  band  of  ~  190  -  205  nm. 
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